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%'e report time-resolved measurements of optical emission and absorption in crystals of CaF2, SrF„and BaF,
following excitation by pulsed ionizing radiation. Prominent transient absorption bands in the visible and

ultraviolet are observed, and their decay is resolved into several time components which correspond to those

of the emission. The absorption is shown to originate in the same excited electronic states as the intrinsic

recombination luminescence. These states have been identified previously as self-trapped excitons, largely on

the basis of polarization measurements and optically detected EPR in the excited states. These results,

augmented by kinetic data from the present experiments and by new polarization data, suggest a fairly

detailed picture of the various localized electronic states involved in the process of electron-hole recombination

in fluorites, The ionic relaxation associated with the self-trapped exciton is evidently more complex than in,

e.g., the alkali halides; in the fluorites the lowest triplet states of the self-trapped exciton have been found to
resemble a metastable nearest-neighbor fluoride vacancy-interstitial pair, i.e., an F-8-center pair, with

probable point symmetry C».

I. INTRODUCTION

Pure fluorite crystals luminesce strongly under
band-gap excitation. In CaF„SrF„and BaF„
the intrinsic emission comprises a broad band
with peak near 300 nm. ' The extraordinarily
large Stokes shift, about 7 eV between the first
exeiton absorption peak and the intrinsic emission-
band peak, is suggestive of the phenomenon of
exeiton self-trapping, which is well known in
alkali halides. ' Indeed, self-trapping of holes
in the fluorite crystals has long been establ. ished
by EPR and optical methods. ' The self-trapped
hole, or V~ center, comprises a hole localized
on two adjacent halide ions thereby bound to each
other in an X2 molecular configuration. The
initial association of the intrinsic emission in
fluorites with recombination of electrons and
self-trapped hol. es was achieved by a measurement
of polarization similar to that first employed in
alkali haiides. In crystals doped with thulium to
provide electron traps, self-trapped holes were
created by irradiation and aligned by polarized
optical bleaching. The luminescence produced
upon annihilation of the al.igned V~ centers with
el.eetrons photoexcited from the traps was found
to match satisfactorily the spectrum of x-ray-
exeited intrinsic emission and to be polarized
al.ong the Vi, alignment direction. ' A related ex-
periment in which the electrons were photoex-
cited from traps by a short pulse of l.ight indicated
that the decay of the resulting luminescence in-
volves a component with lifetime 7&40 nsec at
low temperature. ' No other measurements of the

luminescence decay time appear to have been
made.

Recentl, y, the technique of optical detection of
electron paramagnetic resonance in the excited
states responsible for intrinsic luminescence has
been applied to the alkaline-earth fluorides. ' The
data show the existence of a l.ight-emitting triplet
state of the self-trapped exclton (STE) and further
indicate that the intrinsic emission has decay-
time components with w»40 nsec. In fact, the
variation of the EPR signal with microwave chop-
ping frequency can be interpreted to indicate a
component with 7= 10 msec in CaF, at 1.6 K.'
Further aspects of the EPR experiments, par-
ticularly the symmetry properties of the spin
Hamiltonian, will be discussed in relation to re-
sults being reported in this paper.

Thus the identification of intrinsic emission
with STE's in the fluorite crystals is well estab-
lished. If metastable STE levels are populated
to a significant degree by irradiation, we may ex-
pect transient excited-state absorption spectra
to be exhibited, as they are in the alkali halides. "
In this connection, we note that Patterson and
Fuller measured absorption produced by pulsed-
electron irradiation of CaF, at room temperature. '
However, no attempt to relate the transient ab-
sorption to luminescence properties of the crys-
tal was reported. It is known that x-ray or par-
ticle irradiation at low temperature produces
stable I' centers and complementary interstitial
fluorine atoms or iona, although at somewhat
lower efficiency than that of the corresponding
processes in alkali halides. ' These defects might
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be expected to appear also in transient optical
spectra under favorable circumstances. It is
notable that, in the alkali halides, the STE is
known to play the role of an intermediate state
in the photochemical process which produces I'

centers. '0

In the present paper, we describe measurements
of the time dependence of optical emission and

absorption in crystals of CaF„SrF2, and BaF2
following excitation by a pulse of energetic elec-
trons. These results suggest a fair ly detailed
picture of the various localized electronic states
involved in the process of electron-hole recom-
bination.

II. EXPERIMENT

The experimental apparatus is basical. ly the
same as employed in earlier spectroscopy of
self-tr apped excitons in alkali halides. "'" E lec-
tron pulses of 5-nsec duration and 500-keV mean
electron energy were used to excite the crystals.
The rotating-mirror arrangement used for fast
spectral. scans in Ref. 7 was replaced in the pres-
ent investigation by a silicon-target vidicon having
extended uv response (RCA type C23231). Photo-
multipliers having S-20 or S-1 photocathode sur-
faces and 2-nsec anode pulse rise times were
employed to measure time dependence of emis-
sion and absorption at fixed wavelengths. The
oscilloscope used for recording fast signals had
a 250-MHz bandwidth.

Light sources used for absorption spectroscopy
included a dc xenon arc lamp and a 50-J (input
energy) xenon flashlamp having a pulse duration
of 25 gsec full width at half-maximum. Absorp-
tion spectra were recorded at specific times by
delaying the lamp flash with respect to the elec-
tron pulse. The pulse duration of the flashlamp
is considered negligible for spectra recorded at
times 0.5 msec or longer after the electron pulse.
When we have occasion to refer to spectra mea-
sured after a delay of 20 p. sec, however, it is
meant that the peak intensity of the lamp flash
occurs at 20 csee after the electron pulse. In
fact the absorption spectrum is integrated from
about 5 to 40 p, sec in this ease. A combination
of colox filters and a contoured aperture in the
image plane of the spectrograph was employed
to attenuate the brightest portions of the xenon
spectrum, in order to avoid exceeding the dy-
namic range of the detection apparatus at any
point of the spectrum. The high intensity of the
flashlamp enabled us to discriminate effectively
against the very intense intrinsic luminescence,
whereas practical use of the dc xenon arc in
making fixed-wavelength measurements of ab-

sorption was l.imited to wavelengths away from
the peak of the luminescence.

Undoped alkaline-earth fluoride crystals were
obtained from Harshaw Chemical Co. Radioly-
sis of crystals from this source has been stud-
ied previously. " Samples were cut and pol-
ished in a rectangular shape about 8XBX2 mm',
to take advantage of the internal. -reflection geom-
etry used to increase the optical path length
through the electron-penetration layer. "

For measuring temperature dependence of the
emission decay times, crystal excitation was
accomplished with a 5-nsee pulse of x rays ob-
tained by directing the 500-keV electrons onto
a tungsten target. The energy density deposited
in the sample by a single x-ray pul. se was less
than 1 p, J/cm, so heating of the sample was
negligible even at the lowest temperatures. For
measurements at 4.2 and 1.8 K, the crystal sam-
ple was immersed in l.iquid helium. For mea-
surements of emission decay times between 10
and 300 K, the sample was mounted with heat-
sink compound on the cold finger of a variable-
temperature cryostat, with a thermoeouple and
germanium resistance thermometer attached to
the cold finger.

Measurement of transient absorption required
the more intense excitation available by use of
the electron pulse directly, with typically 4 mj/
cm' incident on the sample. Measurements were
made at three temperatures with the crystal
mounted on the cold finger of a simple cryostat.
Heating of the sample by the electron pulse was
negligible at room temperature and liquid-nitrogen
temperature. With liquid helium in the cryostat
reservoir, the effective sample temperature
shortly after an electron pulse was estimated
to be about 10 K. Emission measurements were
made under these same conditions to facilitate
comparison to the absorption data.

III. RESULTS

A. Luminescence components at 10 K

In Figs. 1 and 2 we display the decay character-
istics of the intrinsic emission-band peaks in

CaF, and SrF, at 7=10 K. In order to accommo-
date the data (spanning six decades in time) on a
semilogarithmic plot we have inserted two ex-
panded time scales in each figure. In the emis-
sion data for both crystals, a fast decay com-
ponent with 7=10 nsec is easily distinguished.
Inspection of the decay at l.onger times readily
shows that at least three additional components
are involved. In order to determine whether a
sum of four exponentials is sufficient as wel. l. as
necessary to fit the complete decay curve, we
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FIG. 1. Decay of 280-nm emission in CaF2 at 7 = 10K
is plotted on three time scales, with a common intensity
scale. The lines represent a best-fit sum of four ex-
ponentials {,Eq. (1)j, with the parameters listed in Table
I.

FIG. 2. Decay of 300-nm emission in SrF2 at T = 10 K
is plotted on three time scales, with a common intensity
scale. The lines represent a best-fit sum of four ex-
ponentials I.Eq. (1)], with the parameters listed in 'fable
I.

have computed the variational best fits, which
are shown as lines in Pigs. 1 and 2. Agreement
is within experimental uncertainty. Note that
thr"ee of the four exponential decay components
in each data set are readily distinguishable by
inspection since they are well separated in time.

The parameters required to fit the decay of
emission (at the band peak) in CaF„SrF„and
BaF, at X=10 K are 1.isted in Table I. For each
crystal, the first row of parameters lists the
time constants Ts which appear I the fitted ex-
pression for emission intensity

I(f)=+A,. e '~'1,

whilethe second row of parameters lists the cor-
responding preexponential. factors A, The factors
A; were normalized such that I (0) = 1. As noted
above, four exponentials appear to be necessary
and sufficient to fit the data for CaP~ and SrF~
within experimental error; however a fifth term
is necessar'y to achieve a comparable fit for
BaF2.

It is readily apparent that most of the Peak in-
tensity under pulse excitation, e.g. , about 90/g
in SrP„ is associated with the 10-nsec component.
This is consistent with the finding by Beaumont
et al. of a single component with &&40 nsec. '

They used photoexcitation of trapped electrons
by a flashlamp to promote electron-hole recom-
bination on a pulse basis, and the luminescent
intensity was evidently too low to allow detection
of long-hved components. Table I also displays
parameters characterizing the integrated intensity
at the band peak:

s(t)=f t(t)dt =+A,. t;

The iigilt slllll S(0) ls normalized 'to un1ty lll 'tile

table pr'esentation. Inspection of the coefficients
A. , 7, demonstrates that the 10-nsec component
accounts for an a1.most negligible fraction of the
total emission at these wavelengths. %e also
note that the three longer-lived components are
roughly equal. in integrated intensity both in CaP,
and 8rF„and that the four longer-lived com-
ponents in BaF, are roughly comparable to each
other. The long-lived components account for
&99% of the emission intensity at these wave-
lengths in steady state.

The spectra of steady-state x-ray-excited emis-
sion in pure CaF„SrF2, and BaF2 at VV K were
presented in Ref. 1. Recent measurements' of
the x-ray-excited emission spectra at temper-
atures down to 1.6 K showed that there is littl. e
change in the band shape at temperatures l.ower
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TABLE L Parameters obtained by fitting Eqs. (1)-(3) to the decay of emission and absorp-
tion at T=10 K.

CaF2
280-nm
80)
450-nm

SrF2
300-nm
S(0)
515-nm

emission

absorption

emission

absorption

7

A;
A;7'a

D;

10 nsec
0.84
0.000 24

ll nsec
0.93
0.000 80

83 /sec
0,14
0.33
0.48

59 psec
0.068
0.31
0.32

870 &sec
0.014
0.34
0.31

640 psec
0.0050
0.25
0.42

8.8 msec
0.0013
0.33
0.20

7.7 msec
0.000 74
0 44
0.25

-0.01

0.01

BaF2
310-nm emission
8(0)

Tt

A;
A;7';

12 nsec
0.90
0.000 55

53 psec
0.089
0.24

710 lt sec
0.015
0.54

5.4 msec
0.000 41
0.11

29 msec
0.000 071
0.10

than VV K. The emission bands in all three crys-
tals are somewhat asymmetric, with extended
long-wavelength tails. In view of the multiple
decay components we have found at the peak of
each emission band, it is essential to determine
whether the entire band decays uniformly or
whether there is a spectral variation of the decay
characteristics.

In the upper portion of Fig. 3, we have repro-
duced (in solid lines) the emission spectra for
SrF, and CaF, from Ref. 1 to represent the low-
temperature, steady-state band shapes. The
spectral. distribution of each 10-nsec emission
component, as determined in the present experi-
ments, is shown by the broken line. This com-
ponent clearly does not coincide with the steady-
state band, which corresponds to the time-in-
tegrated sum of all decay-time components I Eq.
(2)j. The 10-nsec component contributes to the
asymmetry of the overall. band, but cannot ac-
count for all of the asymmetry since it comprises
less than 1'Pg of the total emission.

Determination of the spectrum of the 10-nsec
component mas straightforward, because its decay
time is about 3 orders of magnitude different from
those of the other emission components. To sep-
arate the three slower components spectrally,
we have generated variational best fits, similar
to those in Figs. 1 and 2, at five wavelengths
across the emission bands in SrF, and CaF, .
First, the optimum values of 7, and A, at the
band peak were determined, as listed in Table I.
Thereafter, in fitting the data at the four re-
maining wavelengths, only the preexponential
factors A& were varied. The time constants 7,.
mere assigned values corresponding to those at
the band peak. Thus the value A, 7,. as a function
of wavelength represents the contribution of the
~, component to the time-integrated emission at

0.6-
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A;&
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~ +-xlO

0 I L ( I

300 400

(nm)

I (
'

I
e

I

300

X (nm)
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FIG. 3. Solid lines in the upper part of the figure
represent the luminescence bands excited by continuous
x irradiation of SrF2 and CaF2 at T =77 K (from Ref. 1).
The broken lines show the approximate band shape, on
a x 100 expanded scale, of the 10-nsec component of
emission measured in this experiment at T =10 K. The
lower part of the figure presents the quantities A; 7;
tsee Eq. (2)] obtained by fitting the luminescence decay
to a function of the form of Eq. (1), at several wave-
lengths. The identification of the point symbols with the
decay times in Table I is as follows: Q, 1); (2, 2);
(4, 3); P, 4). Component 1 (0) is displayed on a & 10
expanded scale.

the given wavelength. This is represented graph-
ically in the lower portion of Fig. 3, where the
normalization corresponds to gA, T, = 1, as dis-
cussed following Eq. (2). Note that the values
of A, T, for the 10-nsec component (sold points)
are displayed on a x10 scale. We have used open
squares, triangles, andcircles, respectively, to
correspond to the other three 7& values in Table I,
in order of increasing 7&.

Inspection of the spectral variation of the A,. T,
values in SrF, indicates rather cl.early that the
long-wavelength side of the emission band is dom-
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inated by the slow component. The 400-nm point
may be affected by other components which be-
come discernible in the band tail, but these are
far too weak to affect the analysis at other wave-
lengths. That is, at all points except 400 nm,
the fits to the assigned values of &,. were com-
parable in quality to the fit at the band peak, in-

tin that the band is principally composed
of the three slower components being consi ere .

The corresponding spectral decomposition for
CaF in the lower right portion of Fig. 3 does
not indicate a clear trend, and certainly'

l does not
indicate domination of the long-wavelength side
of the band by the slow component. Here again,
weak components with 7 =2.4 msec and 3 p. sec

e band but the
three principal components used in fitting appear
to account adequately for about 95%%u of the total
emission.

B. Absorption components at 10 K

Absorption spectra measured at several delay
times after electron-pulse excitation are shown
in Figs. 4-6, for CaF„SrF„and BaF, at
T =10 K. These data were obtained by recording
the transmitted spectrum of the 25-p, sec xenon
lamp flash with a silicon-target vidicon. The
estimated uncertainty limits are indicated in the
figures. In some parts of the spectra, the reso-
lution is better than indicated. For example, we
are confident after repeated measurements that
the structure in the low-energy band of SrF, is
real. On the other hand, the jaggedness of the
ultraviolet portions of all spectra is noise con-
sequent to the lower light intensity available there

I.O

002 ms =IO K

0.8-

(A

LLj0.6-
CI 05 mse

~04- I rnsec
O

CL
5 rnsec02-

and does not represent real structure in the ab-
sorption spectrum.

Addressing first the CaF, spectra in Fig. 4,
we may compare the major spectral features with
peak energies o nf k own color-center bands. T e
I" band in CaF, occurs at 3.3 eV,"which actually
correspon s o ad t a minimum in the transient ab-
sorption spectrum. The 8 and V bands which
are the strongest absorptions of the interstitial

proxxmroximately 4 and 3.88 eV, respectively, in
CaF, '" Although the broad transient ultravxole2'
absorption bears some resemblance to an H or
V„band, it occurs at somewhat higher energy.
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FIG. 4. Optical absorption in CaF& (T-~ ~ T =10 @ is shown
for the indicated delays after irradiation by a pulse of
energetic electrons. Instr umenta l resolution is indicated
in the figure.

FIG. 6. Optical absorption in BaF& (T =~ ~ T =10 is shown
f th d' ated delays after irradiation by a pulse of
energetic e ectrons. s umInstumental resolution is indic
in the figure.
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Both of the major features in the transient ab-
sorption spectrum decay at approximately the
same rate, leaving only a small stable absorption
continuum. The magnitude of the stable (3 min)
absorption shown corresponds approximately to
that produced by the first pulse of electrons in-
cident upon a given sample. On subsequent ir-
radiation pulses, in the absence of bleaching,
very little additional permanent absorption was
produced. That is, the growth of permanent ab-
sorption saturates, but the transient spectrum
does not change noticeably after repeated irradi-
ation.

In SrF, (Fig. 5) the absorption spectrum ex-
hibits more structure, and does not decay uni-
formly in time. The two major bands resemble
those found in CaF, . The principle low-energy
band is at somewhat lower energy than the 2.85-eV
peak of the I band in SrF, . The main ultraviolet
band is at somewhat higher energy than the H
and V~ peaks, which would occur at approximately
4 and 3.80 eV, respectively. '" The 3.35-eV
transient band decays, along with one component
of the low-energy absorption, in a time of the
order of 10 msec.

Though less evident, several features of the
transient absorption spectra in BaF, (Fig. 6) also
resemble the CaF, and SrF, spectra. If the 0.5-
msec absorption spectrum is subtracted from
the 0.02-msec spectrum, the resulting difference
spectrum is virtually free of the 3.4-eV peak and
exhibits the general two-band pattern character-
istic of CaF, and SrF, . The "red" transient band
occurs just to the low-energy side of the F-band
peak (Ez = 2.03 eV), and the principal ultraviolet
band in the difference spectrum has its peak at
roughly 4 eV. The residual (3 min) absorption
spectrum including the 3.4-eV peak resembles
the bands reported by Cavenett et al. following
x irradiation of undoped BaF, at 77 K.' The re-
sidual absorption saturates after a few electron
pulses, and can be optically bleached.

The efficiency of converting electron-pulse
input energy into transient absorbing species in
these alkaline-earth fluoride crystals is quite
comparable to the efficiency of creating self-
trapped excitons in alkali halides, if we assume
comparable oscillator strengths for the major
bands.

Before discussing other features of the spectra,
let us consider in more detail the decay of ab-
sorption at specific wavelengths. Figure 7(a)
presents the time dependence of absorption at
2.76 eV (450 nm) in CaF, at T =10 K. The curve
is again a least-squares fit to a sum of exponen-
tials [analogous to Eq. (I)], but in this case o+&p

the preexponential factors D, in the fitting function

I.O

I-

Z.'
IJJ
Ci

C3
I-
00

I

2 3 4 5 6 0 I 2 3 4 5 6 7
t (msec) t (msec1

D(t)= PD,e. (3)

are varied as fitting parameters. The time con-
stants T,. are taken from analysis of the emission
data in Fig. 1, although an additional term with
T5 = ~ is required in the fitting function to take
account of the weak permanent absorption. The
fitting parameters are given in Table I.

The motivation for this kind of analysis comes
from the hypothesis that the absorption and emis-
sion arise from the same set of initial levels.
The integrated intensity function S(t) defined in
Eq. (2) represents the sum of light which will be
emitted after time t, but it is also, under certain
circumstances, a sum of terms proportional. to
the populations of the emitting l.evels at time t.
Those circumstances are that the intensity we
measure be proportional to the total emission in
the band in question, and that there be no com-
peting nonradiative decay channels. Optical ab-
sorption which originates in the emitting levels
can be represented by a sum of exponentials with
the same time constants that govern emission
(including T =~). The terms will be proportional
to the populations of the contributing levels under
conditions very similar to those on emission;
namel. y, that the spectra and oscillator strengths
for absorption originating in each of the contri-
buting l.evels be identical.

Despite these fairly stringent requirements on
both emission and absorption, comparison of the
parameters for absorption and for integrated
emission in CaF, (Table I) shows reasonable
agreement. Recalling in addition that the ab-
sorption data were fit with predetermined time

FIG. 7. Decay of 450-nm absorption in CaF2 (a) and
515-nm absorption in SrF2 (b) at T =10 K is represented
by points. The lines represent best fits to functions of
the form of Eq. (3), where the parameters 7.; are fixed
at the values in Table I determined from analysis of
luminescence decay. Values of the free parameters D;
determined by fitting the absorption decay are listed in
Table I.



TIME-RESOLVED SPECTROSCOPY OF SELF-TRAPPED. . .

constants, we conclude that the absorption at
450 nm and the intrinsic emission in CaF2 origin-
ate from the same electronic state. Data for
T =77 K to be presented later provide more evi-
dence for this conclusion.

The decay of 2.4-eV (515 nm) absorption in

SrF~ at 10 K is shown in Fig. 7(b). The line is
the best fit obtainable with fixed time constants
determined from the emission (Fig. 2). It lies
somewhat outside the Limits of our estimated
experimental uncertainty, suggesting that the
absorption includes a component not related di-
rectly to the emitting L.evels. If the fitting function
is allowed to contain one additional exponential
term, with r=1.4 msec, good agreement is ob-
tained. There is approximate agreement between
the fitting parameters for absorption and the in-
tegrated emission in Table I, again suggesting
common states of origin for emission and most
of the absorption. Indeed, we should not expect
exact agreement of the preexponential fitting
parameters in the case of SrF„since Figs. 3
and 5 show that neither the emission nor the ab-
sorption spectra for different decay-time com-
ponents are identical.

To further examine the spectral decomposition
of the decay-time components in absorption, con-
sider Fig. 8. The energy range represented cor-
responds to the major low-energy absorption
bands in SrF, and CaF, . In the figure we rep-
resent the difference &D between absorption spec-
tra measured at selected times. The times were
chosen to bracket portions of the decay curve
in which only one time constant is dominant. Thus
the chain curve for SrF, in Fig. S is the differ-
ence in absorption between 20 and SO p, sec and
should represent the approximate band shape of
the 59-p.sec component. The sol1d curve ls the
difference between spectra measured at 0.5 and
1 msec, roughly representing the 640-p, sec com-
ponent. The 'V. V-msec component corresponds
approximately to the dashed curve, which is the
difference in spectra measured at 5 and 10 msec.
The same set of times is represented for CaF„
except that the chain curve is the difference be-
tween spectra at 20 and 100 p, sec.

C. Luminescence and absorption at 77 K

The decay of 280-nm emission in CaF, at a
temperature of 77 K is shown in Fig. S. The 10-
nsec component is virtually unchanged from Low

temperature. However, the subsequent decay
is now described by one exponentiaL with v =57
p, sec, instead of the three required at 10 K. This
behavior suggests that approximate thermal equi-
librium obtains among the emitting levels at '7'l K.
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FIG. 9. Decay of 280-nm emission in CaF& at T =77 K
is plotted on two time scales, with a common intensity
scale. The lines represent a best-fit sum of two ex-
ponentials, as in Eq. (1) . In the lower left, the decay of
450-nm absorption at 77 K is shown as 10 OD, where
OD is the measured optical density. The slope of the
line is the same as for the 57- @see component of emis-
sion.

FIG. 8. Each spectrum is the difference (DD) between
absorption spectra measured at two different delays
after pulsed-electron irradiation at 7 = 10 K. The chain
curve corresponds to D {20@sec)—D (80 @sec) for SrF2,
and to D(20 @sec)-D(100 p, sec) for CaF2. For both
crystals, the solid curve represents D (0.5 msec)-D(1
msec) and the broken curve represents D (5 msec)-D(10
msec) .
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The decay of 450-nm absorption in CaF2 at V7 K
is shown in the lower portion of Fig. 9. The s)ope
of the l.ine drawn through the absorption data was
determined from the emission data. This again
demonstxates the connection between absorption
and emission.

As shown in Fig. 10, the 300-nm emission in

SxF, at VV K has two decay components in ad-
dition to the 10-nsec component. The 515-nm
absorption data in Fig. 10 can be fit adequately
by a sum of two exponentials with time constants
determined from the emission, and a third with

If we represent the absorption, emission,
and time-integrated emission in the form

Q A(r, )e '~'&,

i.e., I.abeling the coefficients A by the corres-
ponding time constants, the ratio A(20 gsec)j
A(180 psec) in absorption is 18. The correspond-

ing ratio of coefficients in the representation of
emission intensity is 16, in good agreement. Qn
the other hand, the ratio of corresponding pa-
rameters in the time-integrated emission [S(t )]
is 1.8, in significant disagreement. This is
understandable if one level. having decay time
7 =20 p. sec both absorbs and emits light, while
being fed by a separate level (T = 180 p, sec) which
neither absorbs nor emits in the spectral regions
monitored. According to this interpretation, the
level (or set of levels in equilibrium) from which
the 300-nm emission and 515-nm absorption in

SrF, originate has a singl. e exponential decay
with 7 =20 p, sec at VV K. The essential change
upon warming fx om 10 to VV K thus appears to be
analogous to the case of CaF„ i.e., the collapse
of three components to one.

D. Temperature dependence of the luminescence decay

l ) l ) l i l ) l i l

IOO 200 300 400 500 600

t (Jlsso)

FIG. 10. Decay of 300-nm emission in SrF2 at T =77 K
is plotted on two time scales, with a common intensity
scale. The lines represent a best-fit sum of three ex-
ponentials, as in Eq. (1). In thelower left, the decay of
515-nm absorption at 77 K is plotted as 10~ OD, where
OD is the measured optical density, and fitted to a sum
of two exponential-decay components with time constants
fixed at the values determined for the longer two com-
ponents of emission, and a third component with 7 =~.

The decay of 280-nm luminescence in CaF, has
been measured at various temperatures between
1.8 and 300 K. After fitting the data to a sum of
three or fewex exponential components as in Eq.
(1) (neglecting the 10-nsec component), the best-
fit values of &, are plotted vs temperature in

Fig. 11. The m"cps of the point indicators in Fig.
11 are proportional to the products A, r, [where.
Q;A, r; =1; see Eq. (2)], in order to indicate
the txansfer of integrated emission intensity from
one component to another. Similar data for SrF,
in the temperature range 10-300 K are shown
in Fig. 12.

At a temperature of 300 K, the 10-nsec com-
ponent of emission is no longer evident. The
280-nm emission in CaF, at room temperature
exhibits a principal decay time of 1.V p. sec, which
accounts for 97% of the time-integrated intensity.
Subsequent decay is characterized approximately
by a time constant of 34 p, sec. The 450-nm ab-
sorption can be fit satisfactorily with these same
time constants. About 92 jo of the absorption at
450 nm decays with the 1.V-p. sec time constant.
The 300-nm emission and 515-nm absorption in
SrF, at room temperature ax e characterized by
a principal decay time of 2.5 p, sec.

IV. DISCUSSION

A. Nature of the optical transitions

It is evident that at least a major portion of the
transient absorption spectra, Figs. 4-6, arises
from metastable, localized electron-hole pair
states. The temporal correlations between ab-
sorption and emission spectx'a are the primary
bases for this conclusion, since the emission
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itself was previously shown to result, at least
in, large part, from the recombination of elec-
trons and self-trapped holes. It is difficult to
produce direct evidence that rules out any in-
fluence of chemical impurities on the luminescent
states. Nevertheless we feel the balance of evi-
dence indicates that these trapped exciton effects
are basically intrinsic. Neither specific impurity
effects nor an underlying variability in properties
ax e apparent in the EPR data for self-trapped
holess or for STE's; furthermore, self-tx'apping
is an accepted phenomenon in halide lattices and
is certainly not unexpected in the fluorites.
Arguing from another viewpoint, since the holes
are immobile at low temperatures, they are un-
able to seek out the 10 ' mole% or lower con-
centration of residual impurities, and thus the
rates of production of extrinsic recombination
sites required to account for our observed tran-
sient phenomena cannot be attained. %e thus
shall adopt the hypothesis that intrinsic self-
trapping is the sole source of these phenomena.
However, in a later section we shall discuss an
effect involving the luminescence polarization

FIG. 11. Decay of 280-nm emission in CaF2 at various
temperatures has been fitted to a function of the form of
Eq. (1). The time constants 7.

&
so determined are plotted

here as a function of temperature. The area of each
point indicator for 7; is proportional to the time-inte-
grated intensity of that component, A; 7& Isee Eq. (2)t,
where P~;A;r; = 1 at a given temperature.

IO o
I l I

40 60
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T

which does apparently arise from impurities.
It is useful to compare the present transient

absorption spectra with those previously obtained
from a number of alkali chlorides, bromides,
and iodides under experimental conditions similar
to those for the data of Pigs. 4-6.' The similar-
ities between the alkali-halide and fluorite spectra
are striking and strongly suggest a common ori-
gin. It has been established that triplet states
of the STE are the source of the spectra in alkali
halides, the STE in this case being an electron
trapped at a normal. X, molecular ion or V~
center with no other lattice defect involved. How-
ever, for the fluorites, recent EPR measurements
using optical (luminescence) detection have shown
that more complex morphologies are involved,
in particular a configux"ation wherein one of the
ions in the P, core is an interstitial. Ignoring
this difference for the moment, let us compare
the fluorite and alkali-halide results in more
detail.

FIG. 12. Decay of 300-nm emission in SrF2 at various
temperatures has been fitted to a function of the form of
Eq. (1). The time constants 7; so determined are plotted
here as a function of temperature. The area of each point
indicator for T; is proportional to the time-integrated
intensity of that component, A;7; [see Eq. (2)], where
5~;A; 7; = 1 at a given temperature.
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The decay times for the primary fluorite tran-
sitions are much longer than one would expect
for allowed singlet-singlet transitions, and there-
fore the metastable states are almost surely tri-
plets as in the alkali halides. Comparing first
the emission bands, one notes that the peak ener-
gies, measured as fractions of the respective
band gaps, are roughly the same for CaF„SrF„
BaF2, KCl, KBr, KI, RbCl, RbBr, and RbI. That
is, the relative Stokes shifts for these crystals
are comparable. The sodium halides appear to
be a special case, as discussed in Ref. 7.

Regarding triplet-state optical absorption, the
characteristic spectrum in alkali halides is dom-
inated by two broad bands: an ultraviolet band
at slight1y higher energy than the V~ absorption
band and another band typically at somewhat lower
energy than the I' band. The absorption falls
rapidly to zero at still lower energy. These gen-
eral features are seen to be dominant also in the
present spectra. Employing previous arguments"
regarding the nature of these principal transitions,
it is reasonable to attribute the ultraviolet ab-
sorption to a hole transition within the F~ core
analogous to the strong 'Z~ -'Z„' transition of
the self-trapped hole. The visibl. e band is like-
wise attributed to a Rydberg sequence of electron
transitions similar to the lower-energy transi-
tions of the E center. Although in the complex
fluorite STE morphologies which we shall con-
sider presently the electron is hei.d primarily
by the Coulomb field of an incipient vacancy rather
than the hole itself, this difference should not
affect the present qualitative comparisons. In
Fig. 13, which demonstrates correlations among
various absorption transitions, the approximate
peak energies of the two principal transient bands
and, for comparison, the transitions of stable
color centers (E, V», and H bands) are plotted
as functions of the lattice constant. As a general
rule for halide crystals of a given structure, the
energies of electron transitions are found to vary
substantially with lattice parameter while the
energies of hole transitions vary only slightly.
The hole transitions are effectively screened
from the lattice by virtue of their 1.ocalization
on the E, molecular subunit. Our assignments
for the transient bands are seen to fit this rule
and, furthermore, the peak energies are actually
rather near those of the appropriate color-center
counterparts.

It is reasonabl. e to l.ocate the terminus of the
el.ectron Rydberg sequence at the prominent min-
imum in the spectra. In this manner an estimate
for the optical binding energy of the trapped-ex-
citon configuration may be obtained, as was done
previously for the alkali halides. ' For CaF„

0
0 0

COF2 SrF~ EIaF~

I

5 4 5.6 5.8 6.0 62
LAT TICE CONSTANT (A)

SrF„and BaF, these binding energies appear
to be roughly 3.3, 2.9, and 2.1 eV, respectively,
measured with respect to the lowest triplet state
of the STE. Because of l.ocal relaxation these
values are substantially 1.arger than binding ener-
gies inferred from fundamental ultraviolet spec-
tra, which are characteristic of a free exciton
in the unrelaxed lattice. This situation is dis-
cussed in Ref. V.

B. Correlation with EFR data

Data from the recent microwave-optical. double-
resonance experiments4 are the key to further
progress in understanding STE states in the fluor-
ites. In order to proceed, let us deal with a pre-
liminary question, namely, which decay-time
component or components are to be associated
with the observed EPR signals.

The triplet-state EPR was detected by observing
changes in the intensity and/or polarization of
recombination luminescence excited with steady
x-ray excitation. In this type of experiment the
probabiI. ity of detecting a given microwave tran-
sition is greater the larger the difference between
initia1. and final triplet sublevel populations and

the longer the lifetime of the initial subleve1. .
Thus, in general, the longest-lived sublevel which
originates luminescence is the one most likely
to originate detectable double resonance. Further-
more, the dependence of the double-resonance

FIG. 13. Dependence on lattice constant of the peak
energies of the transient low-energy absorption band )
and the transient uv absorption band (0) is compared with
the dependence of the peaks of the stable color-center
bands I (k), a(a}, and V„( ).
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signal on microwave chopping frequency cor-
responded to a lifetime of roughly 10 msec for
the initial sublevel. ' One therefore concludes
that the observed double-resonance spectra are
associated with the longest decay time components,
those in column 4 of Table I. Thus far, no double
resonance correlated with the other decay com-
ponents has been observed.

The distinguishing characteristics of the ob-
served EPR~ are summarized as follows: The
resolved hyperfine interactions arise from two
inequivalent fluorine nuclei whose internuclear
axis lies approximately in a (ill) direction. There
is substantial anisotropy in the hfs, but not as
much as for the corresponding V~ and 8 centers.
The principal axes of the hfs and fine structure
coincide, at least approximately. The fine struc-
ture is not axially symmetric. The magnitudes of
the E parameter in the spin Hamiltonian are only
slightly less than the magnitudes of the D param-
eter. The D and E values (in gauss) are, re-
sepctively, + 1552 and —590 for CaF„+1588 and
—950 for SrF„and + 1397 and —1160 for BaF,.
Specific directions to which the axes of the E
texm refer have not been specified thus far, pri-
marily because magnetic-field-induced lifetime
effects have limited the range over which angular
dependences can be observed.

Since there are no close (ill) fluoride pairs
in the fluorite lattice, these facts imply that one
of the two fluoride ions is in an interstitial po-
sition. But if this were the complete description,
then the (111) internuclear axis would have three-
fold symmetry, which would in turn require that
E =0. Since the interstitial most certainly has
very low mobility at these low temperatures, it
is reasonable to conclude that the transient state
is an STE morphology assumes the character of
an. incipient vacancy-interstitial pair. '

C. STE models

Figure 14(a) represents a (1IO) plane in the
fluorite lattice, illustrating the ionic configuration
of a self-trapped hole, or V„center. As noted
above, this cannot be the configuration of the
STE observed by the double-resonance experi-
ments. The three most probable STE morpholo-
gies are shown schematically in Fig. 14(b). The
interstitial fluorine is at F~». Fluoride sites
labeled I, II, and III represent alternative loca-
tions of the vacancy which are qualitatively con-
sistent with the EPR data. Site IV is included for
completeness, although it maintains the three-fold
(111)axis and is thus inconsistent with the large
E term. Figure 14(b) comprises all morphologies
fox which the vacant site is a nearest neighbor

(IIO) PLANE
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FIG. 14. Schematic representation of the self-trapped
hole morphology in the fluorite lattice, as veiwed in the
(110)plane, is shown in (a). Four proposed STE mor-
phologies, discussed in the text, are shown in (b). The
fluoride-ion sites labeled I-1V represent the possible
near-neighbor sites for the vacancy accompanying gen-
eration of the interstitial fluoride ion which is bound in
the molecular-ion pair F(g, F(~ .

to either the interstitial site F~, ~
or the bound

ion F~, ~.

The magnitudes of the parameter D in the spin
Hamiltonian as well as the lifetimes are roughly
comparable to those for the normal STE in NaF,
KCl, RbCl, KBr, and RbBx'."'" Thxs may be
interpreted as implying that the electron distri-
bution in the immediate vicinity of the (ill)—
oriented F2 in fluorites is not drastically dif-
ferent from that near the (110) F, , CL, , or
Br, in alkali halides. Thus the vacancy in the
fluorites would appear to be quite near the F,
in order to produce the degree of departure from
three-fold axial symmetry sufficient to account
for the large E parameters. It is for this reason,
as well as for simplicity, that we remove from
consideration those morphologies for which the
vacancy is more romote fxom the F, than shown
in Fig. 14(b). When the vacancy and interstitial
are several nearest-neighbor distances apart,
the l.ifetime against electron-hole recombination
is very long, the exchange interaction is negligi-
ble, and the system has become a. stable I' -II-
center pair.

The three models I, II, and III each have C,„
point symmetry. Figure 15 shows schematically
how the lowest electronic states of the STE cor-
relate among C,» D», and D„„symmetries,
D» characterizing the normal STE in the NaCl-
type lattice. The essential effects of the lower
symmetry a,re to mix the singlet state B,„with
the triplet B3„, and to mix the triplet B,„with
the pure triplet A„, thereby lowering the radiative
lifetime of 4„. This state, now the lowest A",
will remain the longest lived, however, and is
certainly the initial state for the miso'0mave tran-
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FIG. 15. Schematic representation of the lowest self-
trapped exciton states is shown for environments having
three different point symmetries. In D„„and D+, the
principal symmetry axis is the axis connecting the re-
laxed pair of halide ions. In C @, the mirror plane (in
the present case) is a (110}plane in the fluorite lattice,
as in Fig. 14(b). The transitions marked

~~
are polarized

in the mirror plane, and those marked & are polarized
normal to the mirror plane.

sitions observed in the double-resonance experi-
ment. Luminescent transitions from the A' states
have electric dipo1, e moments in the mirror plane
(110},while transitions from the A" states have
moments perpendicular to the plane. In a later
section we shall compare these transition mo-
ments with polarization measurements.

D. Origin of the lifetime components

At this stage there are two obvious explanations
for the existence of the three principal lifetime
components: They could originate in three differ-
ent STE morphologies such as those of Fig. 14 or,
alternatively, they could originate in the three
triplet sublevels of one particular morphology.
A combination of these two alternatives would
also appear possible.

Let us consider a set of sublevels as in Fig. 15,
supposing the set to arise from only one of the
possible morphologies, say II. At sufficiently low
temperature the relaxation time for transitions
among these four sublevels will be longer than the
radiative lifetime of any of them, and they will

therefore behave as independent levels. Each will
exhibit its own lifetime but, owing to the very
small energy splittings, the decay components will
not give observably different emission bands. This
model appears to fit CaF, very well. The 8.8-
msec component would correspond to the lowest
A" sublevel. However, the upper A' sublevel,
essentially a singlet, would not seem to be popu-
lated to a significant extent: The 83-p.sec compo-
nent is more likely to arise from a triplet-singlet
transition, and the weak 10-nsec component is not
relevant since it gives a distinct emission spec-
trum

The above model corresponds closely to behavior
observed in the low-temperature emission of
alkali iodides. " There is a slow, temperature-
dependent decay component associated with the
lowest sublevel and a second prominent component
with shorter lifetime associated with one or both
of the intermediate levels. The D parameter in the
spin Hamiltonian is a factor of 30-40 larger for
the alkali iodides than for the fluorites, although
of the same sign. The difference is partly a re-
sult of the difference in spin-orbit coupling of
fluorine and iodine. A decay component which
can be ascribed to the singlet sublevel B,„has not
been observed in alkali halides, another feature
in common with the present data. Since the life-
time of the lowest A" sublevel in CaF, is approxi-
mately the same at 1.8 and 10 K, it probably rep-
resents the radiative lifetime for this recombina-
tion transition. The analogous transition in the
alkali iodides is A„-A~ and is forbidden radia-
tively, even with spin-orbit coupling taken into
account; this fact was used to explain the observed
temperature dependence of the longest decay com-
ponent. "

From the data of Fig. 11, it appears that the
three levels having lifetimes 7„&„and v, at low
temperature come into approximate thermal
equilibrium at about 50 K. One can predict a life-
time

r =3(~, '+7, '+T, '} ' =225 )isec

in equilibrium if there are no other temperature-
dependent effects. This is in satisfactory agree-
ment with the data of Fig. 11; note that some
further shortening of the lifetime is to be expected
because of the observed thermal quenching of the
luminescent intensity in this temperature range
and because of possible vibrationally induced mix-
ing of the singlet A' into the triplet states. Thus
the observed T at T = 50 K appears consistent with
the quasiequilibrium model involving the three
lower levels of Fig. 15. There is considerable
thermal quenching as T approaches 300 K, and
data are not adequate for quantitative lifetime
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correlation there.
The measured lifetimes cannot be compared in

any satisfying way to the triplet sublevel model
without a detailed theory for the latter. Neverthe-
less, considering the lower symmetry of the
fluorite STE, the lifetimes are of about the ex-
pected orders of magnitude relative to alkali-
halide data. One might perhaps question the fact
that T, and T, differ by a factor of 10, whereas the
hole spin-orbit interaction, being screened from
the crystal field, will produce comparable singlet-
state admixtures in the rniddle A. ' and A" states
represented in Fig. 15. However, if the electron
orbital is strongly affected by the low-symmetry
crystal field, the dipole matrix elements with the
two orthogonal m-like hole orbitals may well differ
substantially. Consider also the fact that the E
parameter of the spin Hamiltonian is comparable
in magnitude to D. Prior work"' indicates that
magnetic dipole-dipole interaction between elec-
tron and hole is probably dominant in determining
D and E for fluorites. If such is the case, the
dipole-dipole interaction gives a contribution to
D which is negative in the alkali chlorides and
NaF but positive in the fluorites. This fact, as
well as the observation that

~ E~ is comparable to
(D) in the fluorites (but not in the alkali halides),
also suggests the large, nonaxial distortion of the
electron orbital which the morphology II might be
expected to produce and which would, in turn,
cause a substantial difference in radiative lifetime
between the middle A' and A,

" states.
The data of Figs. 3 and 8 for CaF, are consistent

with the triplet sublevel model, but those for SrF,
appear contradictory because different decay com-
ponents evidently give rise to different spectral
components. In emission, the problem may be
viewed as an additional, very weak band in the
300-450-nm range with a lifetime corresponding
at least approximately to 74. The absorption spec-
tra deviate more substantially, the behavior in
Figs. 5 and 8 being describable approximately in
terms of a band in the 2.5-3.0-eV range and
another in the 3.1-3.6-eV range which decay to-
gether with roughly the lifetime 74. As a fraction
of the total initial absorption, these bands com-
prise perhaps 0.08 or less. One suspects that the
2.5-3.0-eV absorption is, in fact, the F band.
The F-center production efficiency measured in
steady state at low temperature is much larger
for SrF, than for CaF„and the inhomogeneously
structured F band falls in just this spectral re-
gion. However, no complementary stable defect
which absorbs around 3.3 eV has been reported.

These considerations suggest the following hy-
pothesis: Suppose most of the long-lived absorp-
tion in the 2.5-3.5-eV range arises from a sub-

sidiary vacancy-interstitial configuration, either
one of those in Fig. 14(b) or a more remote F H-
pair. Electron-hole recombination from this con-
figuration gives rise to the weak, longer-wave-
length emission, and this recombination process
coincidentally exhibits a lifetime roughly the same
as that of the longer component, 74, associated
with the primary triplet state. This primary
triplet would produce the majority of recombina-
tion luminescence and transient absorption in
SrF, and would correspond to the STE state which
dominates the CaF, data. It is possible that the
subsidiary triplet state in SrF, is related to other
lattice defects, which might account for the fact
that the 3.3-eV band is well away from the ex-
pected F, absorption.

The temperature dependence of emis s ion dec ay
times in SrF, (Fig. 12) can be interpreted in the
above terms. Although most aspects of Fig. 12
are similar to the data for CaF, in Fig. 11, the
longest time constant (r, ) for SrF, persists to a
considerably higher temperature. In fact T4,
becomes longe~ above 22 K, until it finally drops
sharply at still higher temperature. This apparent
increase of the decay time with increasing tem-
perature might be explained in terms of the extra
component with T =74 which was hypothesized in the
paragraph above. If the extra component has
~ =11 msec and is weak at low temperature, then
it might be difficult to distinguish from the compo-
nent with v4 = 7.7 msec arising from the primary
triplet. However, if v4 begins to decrease near
22 K, as is observed in CaF„ then the 11-msec
component would become easily distinguished as
the slowest. It is likely, furthermore, that the
apparent increase of 7, at T =22 K is due to the
approach of the former '7.7-msec component to T,.

Thus the triplet sublevel model can be reconciled
with the SrF, data, although not without some
difficulty. As previously stated, one cannot rule
out the alternative wherein different decay com-
ponents in CaF, as well as SrF, actually arise
from distinct morphologies. If this were the case
there would be concern for questions such as why
are not these decay components as well as dis-
tinct EPR spectra visible for each configuration
and why do the different configurations give the
same optical spectra, particularly in CaF, . On

balance, the triplet sublevel model would appear
to be the more viable.

When account is taken of the semipermanent
absorption for BaF„as discussed earlier, the
results are reasonably consistent with the above
comments. The experimental data for BaF, do
not turn out to be crucial in determining the origin
of the decay components. The near coincidence of
the 3.4-eV absorption band in BaF, and the 3.3-
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eV band in SrF, may suggest a common origin,
even though the former is stable and the latter
unstable at 10 K.

E. Luminescence polarization

Because the radiation employed in these and
other experiments is of relatively high energy,
principal precursors to the observed STE states
are V~ centers, or self-trapped holes, and free
electrons. Low-temperature irradiation can build
up a concentration of V, centers, and these can
subsequently be aligned predominantly along a
single (100) direction by illumination with linearly
polarized light. It is appropriate to ask whether
the models of Fig. 14 might be expected to produce
a net polarization of luminescence when electrons
are caused to recombine with aligned V, centers.

With reference to Fig. 14, suppose V, centers
are aligned initially along [001]. If during recom-
bination the STE were to retain the [001] F, axis
as it does in the alkali halides, the recombination
luminescence from these triplet states would be
expected to exhibit a net n' polarization; i.e., the
transition moment would lie in the (001}plane.
The minimum motion of a [001] V» center neces-
sary to produce morphologies I and II is obvious:
The hole need not exchange ions, and the motion
is a combination of translation along [001] and
rotation by approximately 55' around a [ITO] axis.
For morphologies III and IV, the minimum motion
requires that the hole hop to an adjacent location,
retaining one of the original F ions. For this
reason we consider I and II somewhat more likely
to predominate.

Under the condition of minimum motion, it may
be seen that [001] V» centers can become STE
morphologies I, II, and III lying in only two of the
six (110}planes, those two being (110) and (110).
Thus luminescent transitions of the type A"-A'
will have transition moments along [110]and [110],
giving the appearance of n-like polarization in the
(001) plane. For A'-A' transitions, on the other
hand, transition moments are in the planes (110)
and (110); the observed net polarization will be
different for the three morphologies I, II, and III
and can appear as either partial n-like or partial
a-like polarization. It is obvious that, for morph-
ology IV, no particular (111)direction can be
favored by prior (001) orientation, and thus no
net polarization can result for this case.

According to Fig. 15, two of the three transi-
tions which empty the triplet sublevels in morphol-
ogies I, II, and III are of the type A"-A'. Thus
n'-like polarization will dominate the observed
luminescence if any of the following three condi-
tions obtain: (i}Only the lowest level radiates,

(ii) all three levels are in quasiequilibrium, or
(iii) the three levels radiate roughly equal num-
bers of photons. Therefore, it appears that a net
m polarization should be expected whether one
assigns the different decay components to different
sublevels or to different morphologies, including
the simple [001]STE as well as those of Fig. 14(b).

At first sight this conclusion produces something
of a dilemma, since net 0 polarization of the re-
combination luminescence has in fact been mea-
sured for all three fluorites, using O.l-mole%
Tm-doped crystals. ' However, continuing experi-
ments on the polarization of STE luminescence in
nominally pure crystals of CaF, and SrF, have
yielded significantly different results, suggesting
that impurities may in some circumstances have a
determining influence on both magnitude and sign
of the polarization of STE luminescence which is
measured in these crystals. In experiments at
both 77 and 10 K, the crystals were irradiated
with x rays to produce a concentration of V~ cen-
ters sufficient to measure by optical absorption
and to align along [001] with polarized ultraviolet
light. Subsequent optical release of electrons from
traps, or creation of conduction electrons by con-
tinuing low-intensity x-ray irradiation, produced
emission corresponding approximately to the solid
curves of Fig. 3. The emission in undoped CaF,
was found to be n polarized with respect to the
V~ alignment direction:

after correction for dichroic absorption by the
aligned V~ centers. Under optical stimulation of
the recombination of trapped electrons and aligned
V, centers, undoped SrF, yielded 0-polarized
emission (P =0.10 ), though this polarization was
weaker than that observed in the Tm-doped SrF,.
Under x-ray stimulation of the recombination of
conduction electrons and oriented V~ centers in
SrF„ the polarization of the resulting lumines-
cence dropped to P =0.02. Although it is difficult
to ascertain in this case what fraction of the re-
combination events involve oriented V„centers,
the results suggest that the luminescence may
have intrinsically weaker o' polarization under
x-ray production of recombination events.

Our tentative explanation of these results is as
follows: In the initial irradiation electrons are
trapped at impurities and at radiation-produced
defects. Those complementary V~ centers which
are very near the trapped electrons tend to sur-
vive subsequent continuing irradiation, since the
Coulomb field of the V, is largely screened by the
close-trapped electron. If there are many ex-
trinsic electron traps, as is the case in currently
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available fluorites and certainly in the Tm-doped
samples, then ultimately many of the V~ centers
will be closely associated with close-trapped elec-
trons. Although illumination will tend to excite
all trapped electrons, close-pair emission may
well predominate. On the other hand, conduction
electrons produced by subsequent x-ray irradia-
tion will avoid the close pairs and will instead
tend to recombine with the isolated V„centers.
It is recombination at isolated V, centers which
would conform to the models discussed and which
might be expected to be prevalent both in the pres-
ent transient experiments and the EPR-optical
double-resonance experiments. Close-pair, ex-
trinsic recombination would be likely to predomi-
nate mainly in experiments involving direct optical
excitation of electron traps. If one infers that
such recombination exhibits a spectrum at least
approximately congruent with that of intrinsic
emission and furthermore shows a net a polariza-
tion, the variability of emission polarization with
sample and excitation method can, be explained.

An indication that V„centers are, in fact, dis-
tributed preferentially near Tm" sites after pro-
longed x-ray irradiation of thu)ium-doped fluorite
crystals has been obtained from kinetics of V,
motion. ''9 On the other hand, electron-nuclear
double-resonance measurements on the V, ground
state have not shown any influence of nearby Tm"
ions." However, the interaction we are consider-
ing, which is between a STE and a Tm", is not
inconsistent with the electron-nuclear double-
resonance data. The situation may be analogous
to that found in KCl:Ag' and KC1:Tl' by Delbecq,
Toyozawa, and Yuster, "where recombination
luminescence due to tunneling between V, centers
and close impurity atoms is 0 polarized with re-
spect to orientation of the V, axis, although the
comparable intrinsic luminescence in KCl is m

polarized. A plausible mechanism in the present
case might be that the field of the impurity ion
mixes enough of the singlet level (upper A' in

Fig 15) into. the triplet levels to dominate the
transition. The decay time v &40 nsec observed
for photostimulated recombination luminescence, '
and possibly the 10-nsec component of lumines-
cence observed in the present experiment, may be
characteristic of such close-pair recombination
events.

V. SUMMARY

Considering the results of the present study in
conjunction with previous work, particularly Refs.
1 and 4, the following general conclusions are
drawn;

(i) The intrinsic recombination luminescence
in CaF„SrF„and BaF, originates principally

in long-lived triplet states of the self-trapped
exciton. In CaF, and SrF„on which the more
detailed observations were made, the lumines-
cence comprises three main decay-time compo-
nents at low temperature. The three components
have approximately equal time-integrated intensi-
ties, and the emitting levels appear to come into
thermal equilibrium at a temperature of about 50
K.

(ii) Optical transitions from these same meta-
stable states to higher STE states account for
transient absorption bands observed in the ultra-
violet and visible spectral ranges following a pulse
Qf ionizing radiation. Qualitatively, the tl ansient
absorption spectra resemble STE spectra found in
the alkali halides. "Modeling of the transitions,
e.g. , as analogs in certain respects of I'- and V,-
or II-center transitions, ean be carried over from
the alkali-halide studies, as can the characteriza-
tion of parameters such as optical binding ener-
gies. The ordinary color-center bands (e.g. ,
F, 0, and V, bands) which are produced in this
experiment are quite small relative to the STE
bands.

(iii) Microwave-optical double-resonance ex-
periments in fluorites by Call et al.4 have esta-
blished that the resolved hyperfine interactions
in the STE arise from two inequivalent fluorine
nuclei whose internuclear axis lies approximately
in a (111)direction, in contrast to the self-trapped
hole involving two equivalent fluorine nuclei along
(100). It was suggested in that work that the STE
configuration in fluorites resembles a nearest-
neighbor F-0-center pair. In the present paper
we have elaborated somewhat on the possible con-
figurations of this type. At present, the time-
resolved data do not distinguish with certainty
between models which attribute the three observed
decay-time components to lifetime-resolved trip-
let sublevels belonging to the same 1.oeal ionic
configuration, or to three different local ionic
configurations. The data for CaF„and many of the
observations on SrF„appear to be most readily
accommodated within the triplet-sublevel model.
Certain spectrally distinct long-lived components
of emission and absorption in SrF, may, however,
imply that at least two distinct ionic configurations
occur upon exciton relaxation. Comparison of the
predicted polarization properties with experiment
appears to be complicated by impurity effects,
but can be accounted for in a way generally con-
sistent with our suggested picture of the STE.
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