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The doubly doped SrF&..Eu, Sm system was examined as a model system for the photoionization
process. These crystals were codoped with 0.01 mol% Eu + and 0.02 mo1% Sm +. From optical-
absorption measurements, the absolute ionization efficiency of Eu + was found to be 0.65% at 295
K and 1.6% at 310 K upon irradiation with 4.9-eV light in this system. The Sm +.F centers were

found to be the principal traps for the generated electrons. The temperature dependence of the ion-

ization efficiency of Eu + with irradiation at 5.2 and 5.7 eV led to the measurement of an activation
barrier of 0.34 eV. These experiments also show that only cubic Eu + is initially formed upon pho-
toionization of Eu + and that subsequently an interstitial fluoride-ion charge compensates the Eu +

ion. The photoconductivity does not show a temperature dependence corresponding to that of the
ionization yield. This result leads us to propose that the trapping of electrons at the majority
Sm'+-F sites is followed by a reverse F; current from trap to donor, which cancels the electron
current. The measured photocurrent arises from the small minority of other traps present. A
mechanism is proposed to explain the observed yields and temperature dependence.

I. INTRODUCTION

Several divalent rare-earth-doped alkaline earth
Auorides have been studied as model systems of the pho-
tonization process in ionic crystals, and some information
has been obtained regarding these systems's photoioniza-
tion thresholds' and their rates of photoionization. '

This paper presents information on the absolute ioniza-
tion efficiency of Eu + in the SrF2 host and the relative
ionization efficiency of SrF2.Eu + as a function of tern-
perature. To our knowledge, there has never been a mea-
surement of the ionization efficiency of an impurity in an
ionic crystal, so these results are of importance in under-
standing the ionization process in these kinds of systems.

Feofilov, and later Welber reported the following re-
versible photoreaction in CaFz.

Eu +Sm +~+Eu ++Sm

By irradiating with either 4.9-eV (254-nm) light or 3.9-eV
(313-nm) light, the forward reaction or the backward re-
action was observed, respectively. Photoconductivity
measurements (to be presented) show that a divalent im-
purity, either Eu + for 4.9-eV light or Sm + for 3.9-eV
light, absorbs the appropriate photon and photoionizes
and ejects an electron into the conduction band. Subse-
quently, a trivalent impurity, either Eu + or Sm +, will
act as a trap and capture the free conduction-band elec-
tron, thus forming the corresponding divalent impurity.
This overall process depends on many factors: the ab-
sorption coefficient of both divalent impurities at a given
wavelength of light, the photoionization efficiency of both
divalent impurities at that wavelength, the concentration
of each type of trivalent impurity trap, and the capture
cross section of each type of trivalent trap.

All of the quantities which affect this reaction are of in-
terest when forming and testing photoconductivity mod-
els; and the experiments involving the doubly doped
SrF2.Eu, Sm system can answer some questions concern-
ing the photoionization process. Also, systems such as
MgS:Eu, Sm and BaFBr:Eu + are of interest for storage
phosphors, and this work may provide insight into these
types of systems. ' In Welber's study, either the 4.9-eV
(254-nm) or the 3.9-eV (313-nm) mercury line excited his
doubly doped CaF2.Eu, Sm crystal while only the
CaF2.Sm + fluorescence at 14100 cm ' was monitored.
This configuration verified the overall electron-transfer
reaction; however, since monitoring fIuorescence deter-
mines only relative changes in the Sm + concentration,
an absolute efficiency of Sm + formation was not deter-
mined. The efficiency of Sm formation is related to the
efficiency of Eu + ionization because, if every photoion-
ized electron originates only from a Eu + and is captured
only by a Sm + trap, then efficiency of Sm formation is
a direct measurement of the photoionization efficiency of
Eu +. We have measured the photon Aux incident on
our SrF2.Eu, Sm crystals, determined the absolute concen-
trations of the divalent impurities from room-
temperature absorption spectra, and calculated the pho-
toionization efficiency of Eu + in SrF2 at 4.9 eV to be
0.65 jo at 295 K and 1.6% at 310 K. These results are
presented in detail in Sec. III B.

The doubling of the ionization efficiency of Eu + upon
changing the temperature from 295 to 310 K implies that
temperature has a strong effect on photoionization yield.
To investigate this phenomenon further, a temperature
study of the ionization efficiency in the SrF2.Eu, Sm dou-
bly doped system was performed. In Sec. IIID, it is
proved that, after a divalent europium ionizes, a cubic
(uncompensated) Eu + ion is formed. At room tempera-
ture, the Eu +(Ol, ) eventually becomes compensated
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with an interstitial fluorine ion (F; ). Cooling of the
sample below 300 K significantly reduces the movements
of the interstitial fluorines. By using the fluorine motion
to our advantage, the efficiency of Eu + formation as a
function of temperature could be obtained using excita-
tion spectroscopy, and is presented in Sec. III E.

II. EXPERIMENTAL

The doubly doped samples were all cut from a boule of
SrF2 doped with nominal concentrations of 0.01 mol%
europium and 0.02 mo1% samarium. The absorption of
the boule was checked to see if any concentration gra-
dients existed in the boule (one of our CaF2.Eu, Sm boules
did show a concentration gradient of Eu + and Sm ).
However, no gradients were observed in the SrF2.-Eu, Sm
boule. The SrFz.0.02% Sm + standard sample was
prepared using additive coloration techniques. ' All
samples were purchased from Optovac. '

Our photoconductivity measurements were done using
a blocking-electrode configuration. " The electrodes were
fine Ni mesh which were sandwiched between two dielec-
tric plates made of quartz. The front electrode is charged
to a value near —500 V. The back electrode was in series
with a grounded 10' -0 resistor; the voltage across this
resistor was measured with a vibrating reed electrometer,
Cary Model 401. Typical signals were —10 ' A. A
Hanovia 2000-W xenon lamp was focused into a Jobin-
Yvon H20 single monochromator which selected the
proper wavelength of light for irradiation. The 2-mm
slits of the monochrometer provided a spectral resolution
of 8 nm. Light exiting the monochrometer was subse-
quently filtered to remove short wavelengths of light
since the photocurrents from these wavelengths can be
orders of magnitude higher per absorbed photon than the
photocurrents near the photoionization thresholds. Typi-
cal photon densities were —10' photons/s on the sample
area of -0.2 cm .

In the absolute efficiency experiments, a 200-W mercu-
ry lamp and a 10-nm bandwidth 254-nm (4.9-eV) interfer-
ence filter were used to select the ionizing light. A card-
board mask with the same dimensions as the crystal held
the crystal during the irradiation period. For the setup of
sample 1, the cardboard mask was directly behind the in-
terference filter, which effectively raised the temperature
of the sample to 310 K, as measured by a thermocouple.
In the setup of sample 2, the mask was thermally isolated
from the hot interference filter so the sample was main-
tained at room temperature, 295 K. Once the sample had
been irradiated, it was removed from the mask and an ac-
tinometer cuvette was placed directly behind the mask to
calibrate the lamp. A K&Fe(C204)& actinometer solution,
which has been shown to be quite accurate in the ultra-
violet region of the spectrum, was used. ' ' We followed
the recommended procedure in Ref. 13 with a control cu-
vette to monitor any stray light. The entire irradiation
configuration was placed in a dark room so the amount of
stray light was minimal. A diode array spectrometer
measured the actinometer intensity in less than 10 s again
to avoid stray light. Reflection corrections for the quartz
cuvette in the actinometer measurements were assumed

to be equivalent to the reflection losses found at the sam-
ple, therefore no correction was made. For sample 1, the
actinometer results showed that (6.33+0.13 ) X 10'
photons/min were incident on the sample's area of 36.3
mm . When calculating the absorbed photons by the
sample this average value was used. Because a new lamp
was used in the measurements of sample 2, the actinome-
ter results increased from (5.8 to 7.0) X 10' photons/min
incident on sample 2 having an area of 39.1 mm . When
calculating the absorbed photons for this sample, the ac-
tinometer measurements which were taken directly after
each irradiation period were used. Sample 1 was 2.40
mm thick and sample 2 was 2.15 mm thick.

The absorption measurements of the SrF2.Eu, Sm sam-
ples were performed on a Cary 14 spectrometer. A spe-
cial sample holder was used to hold and mask the sam-
ples in the spectrometer, and a matching mask was
placed in the reference light path. This sample holder al-
lowed samples to be located at the identical position in
the light path from day to day. The baselines were ob-
tained by using a 2.4-mm thick undoped SrF2 crystal
from Harshaw.

For the relative efficiency experiments, a more power-
ful light source than a mercury lamp was needed. Using
a P-barium borate (BBO) crystal, the second harmonic of
a YAG:Nd laser was converted into the fourth har-
monic at 266 nm (4.6 eV). ' However, this wavelength is
poorly absorbed by the doubly doped crystal [Do (optical
density)= —O. 1 j, so the 266-nm (4.6-eV) laser beam of
—50 mJ per pulse was focused into a hydrogen Raman
cell to generate the first and second anti-Stokes shift at
5.2 eV and 5.7 eV, respectively. Both of these wave-
lengths are strongly absorbed by the doubly doped sam-
ples (all of which had Do ) 1.5, thus absorbing )97% of
the light). Typical ionizing pulse energies were —1 mJ
and were focused to a -2-mm spot. The samples were
approximately cubes with 3 mm per side and were
mounted in a coldfinger. For every measurement, a new
sample was used. The samples were cooled to a specific
temperature by using a solvent —liquid-nitrogen mixture
in the coldfinger; the exact temperature was defined by
the solvent's freezing point. ' This technique provided
stable temperatures for the samples while they were being
irradiated with the ionizing radiation. A thermocouple
surrounded by indium metal was placed between the sam-
ple and the cold block in order to measure the tempera-
ture of the sample.

After photoionization, the relative number of trivalent
impurities was measured using excitation spectroscopy.
Both Eu + and Sm + absorb at —19000 cm ' and
fluoresce at —17 900 cm ' (see Sec. III C); this situation
permitted a comparative excitation experiment to be per-
formed. A nitrogen laser-pumped dye laser system from
Molectron provided tunable laser light for the experi-
ment. The fluorescence was collected at right angles and
was focused into a Jobin-Yvon H20 single monochroma-
tor set at 560 nm (17 900 cm ') with 4-nm resolution and
a 1P28 photomultiplier tube. To ensure that we sampled
the region of the crystal that had been irradiated with the
ionizing light (at 5.2 or 5.7 eV), two irises defined an axis
which was accurate to within a few degrees; both the ion-
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III. RESULTS

A. Photoconductivity spectra

In the Introduction, it was suggested that the mecha-
nism of the electron-transfer reaction shown in Eq. (1) is
achieved through the photoionization of the divalent im-
purities. This notion is confirmed by the photoconduc-
tivity spectra of the doubly doped SrF2.Eu, Sm system
which is shown in Fig. 1 for two states ("states" denotes
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FIG. 1. Photoconductivity spectra of the doubly doped
SrF2:Eu, Sm sample at 295 K. The spectrum of the initial sam-
ple is similar to the spectrum of singly doped SrF&.Eu +, with
the exception of a tail at 32000 cm (4.0 eV). This tail is attri-
buted to a small amount of divalent samarium which is also
present in the sample. After irradiation at 4.9 eV (39000 cm ),
the second spectrum (the green state) was recorded. The small
tail at 32000 cm ' has grown to a full sized peak with a max-
imum at 34000 cm ', which corresponds to a maximum in the
SrF2:Sm + absorption spectrum. The absorption spectra of
SrF2:0.02% Eu + and SrF2.0.02% Sm + are shown for compar-
ison by the broken lines.

izing light and the tunable dye light followed this axis.
Wavelength calibrations were performed for one
SrF2.0.01%Eu,0.02% Sm sample using several neon op-
togalvanic transitions and an etalon and are accurate to 1

cm '. ' Figures 5 —7 have been drawn with a linear
wave-number scale and uncorrected spectra so that exact
spectral line positions cannot be inferred from them, but
correct values are quoted in the text.

Because these excitation experiments were relative
measurements, a reference was needed to calculate the
number of cubic Eu + atoms formed. A convenient solu-
tion to the problem was to ionize the sample at 295 K
where the ionization efficiency of Eu + was known to be
0.65%; hence, the efficiency of Eu + formation is also
0.65%. By annealing the sample at that temperature un-
til all the newly formed Eu + was Auorine compensated,
the intensity of the Eu + F (C4„) band was proportional
to the number of Eu + ions formed. Subsequent ioniza-
tion at lower temperatures resulted in only cubic Eu +

being formed. The intensity of the Eu +(Oh ) band could
be directly compared to the intensity of the
Eu + F ( C4, ) band previously formed, and a relative
efficiency of Eu + formation at that temperature could be
determined.

the condition of a crystal after a period of irradiation at
4.9 eV). Since this technique directly measures the free
electrons in the SrF2 conduction band, these spectra
prove that the divalent impurities are photoionizing. The
spectrum of SrF2.Eu, Sm sample in the "initial" state is
identical to the photoconductivity spectrum of single
doped SrF2.Eu +, with the exception of a weak tail at
32000 cm ' (4.0 eV), suggesting that the majority of
photoionizing centers in the initial state are divalent euro-
pium. The tail is attributed to a small amount of divalent
samarium which is also present in the sample. This inter-
pretation of the unirradiated "initial" state is supported
by the absorption spectrum of this sample, which shows
that the europium in this sample is divalent, and the ma-
jority of the samarium is trivalent. After irradiation of
the sample at 4.9 eV, the spectrum of the "green" state in
Fig. 1 was recorded (the presence of Sm + colors the
samples green). The weak tail at 32000 cm ' from the
initial state has grown to a distinct peak with a maximum
at 34000 cm ', which corresponds to a maximum in the
SrF2.Sm + absorption spectrum. Also, the initial strong
Eu + signal has, correspondingly, decreased. These ob-
servations simply reAect the charge-transfer reaction be-
tween europium and samarium depicted in Eq. (1). Be-
cause the Sm + ion apparently ionizes at lower energies
than the Eu + ion, the photoionization threshold for
SrF2.Sm + can be determined from this spectrum and is
estimated to occur at 3.4 eV (27 000 cm ').

The photoconductivity spectrum for the doubly doped
SrFz.Eu, Sm sample at 80 K is shown in Fig. 2. Because
the samples become polarized by the ionizing light, the
absolute magnitude of the photocurrent has a relatively
large uncertainty; however, each photoconductivity spec-
trum is very reproducible. The samples were depolarized
after each spectrum, and this technique gave absolute
magnitudes within a factor of 4. Note that the magni-
tude of the photoconductivity spectra taken at 295 K
(Fig. 1) are within the factor of 4 to those taken at 80 K.
The spectra of the two states in Fig. 2 are similar to the
ones shown in Fig. 1.

50 +
SrF2.0.01'/oEu, 0.0

~ 2.00—

initial state~ 1.50- = —green state

c 1.00—
.CD
V)

CD 0.50—
C5

CD

0..00 I
1 I

I

15000 20000 25000 30000 35000 40000 45000
photon energy (crn-~)

FIG. 2. Photoconductivity spectra of the doubly doped
SrF2:Eu,Sm sample at 80 K. The absolute magnitudes of the
signals are difficult to reproduce accurately, but the currents
change at most by a factor of 4 between 80 and 295 K.
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B. Absolute ionization efticiencies —absorption spectra
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FIG. 3. Two absorption spectra of SrF2..0.01% Eu,0.02% Sm
recorded at 295 K before and after 4.9-eV irradiation at 295 K.
These spectra are simply composites of the singly doped one-
photon spectra of Eu + and Sm doped into SrF2 shown in
Fig. 1. The band at 17000 cm ' permits a quantitative calcula-
tion of the amount of Sm + in the crystal. These spectra were
from sample 1.

Our principal goal was to measure quantitatively the
charge transfer between europium and samarium and to
use these results in forming and evaluating models for the
photoionization process. The photoconductivity tech-
nique could be used to monitor the reaction; however, be-
cause of small signals and polarization of samples (forma-
tion of microscopic concentration gradients of the impur-
ities due to the application of fields), a simpler way to
monitor the reaction was to measure changes in the opti-
cal absorption of the Eu + and Sm + after periods of ir-
radiation. The divalent rare earths all have strongly al-
lowed f~d transitions ' therefore, this technique
should be quite sensitive. The absorption spectra of one
of our SrF2Eu, Sm samples in two states is shown in Fig.
3. These spectra are simply a composite of the separate
spectra of SrF2:Eu + and the SrF2.Sm +. One can clearly
see that the large band at 30400 cm ', due to the Eu +

impurity, shrinks as the crystal is irradiated with the 4.9-
eV light, while the small band at 16900 cm ', due to the
Sm + impurity, grows. Since Eu + is the only species ab-
sorbing initially at 4.9 eV, a fraction of such photons will
produce Eu + and an electron: Since Sm + is the only
trivalent trap ion present in significant amounts, one
Sm + should be produced for each electron trapped.
Thus, the decrease in the numbers of Eu + ions should
equal the increase in the numbers of Sm + ions for the in-
itial period of irradiation. The experiments described in
the following show that this is true.

It is necessary to know at least the relative values of
the absorption coefficients of Eu + and Sm + in order to
prove that each Eu + ionized leads to one Sm +. An ab-
solute value was determined by reducing a
SrF2:0.02% Sm crystal to Sm +, a procedure used by
Kaiser, Garrett, and Wood. In this way, we found
K =7.8 cm ' for the 16 900 cm ' band at 295 K
(corrected to 0.01 mol%). Arkhangel'skaya, Kiselyeva,

and Shraiber found the absorption coefficient of the cor-
responding band in the CaF2..Sm +, at 16 100 cm ' to be
%=9.3 cm ' at 300 K and 0.01 mo1%. ' The close
correspondence of these two values supports our result
for SrF2.Sm +. We next used this spectrum of
SrF2.0.02%Sm + to fit the spectrum of doubly doped
samples in the region of 16900 cm ' and thereby deter-
mined the concentration of Sm + in these samples.

The absorption coefficient of SrF2.Eu + at the absorp-
tion maximum at 30400 cm ' could be determined from
the decrease in Eu + and the increase in Sm + in the
SrF2.Eu, Sm samples if we assumed that every Eu + lost
corresponded to one Sm + formed. The value would be
K=16.3 cm ' at 295 K and 0.01 mo1% if this were true.
Again, we compared our result to that of
Arkhangel'skaya for CaF2.Eu +, who found K =17.9
cm ' at 300 K and 0.01 mo1%. The close agreement of
these two numbers supports the hypothesis that each
Eu + ionized leads to formation of one Sm +. To further
corroborate this, we checked the absorption coefficient
for a sample of SrF2..0.02% Eu + (in this sample, the ratio
of Eu + to Eu + was determined to be less than 1:1000
using the excitation technique in Sec. III C). The absorp-
tion coefficient determined from this sample agreed with
that determined from the doubly doped sample. This re-
sult also shows that the number of other electron traps in
the crystal is small compared to the number of Sm +

traps.
The number of 4.9-eV photons absorbed by the sample

was determined by actinometry performed on the irradi-
ated area, as described earlier, and from the optical densi-
ty of the sample. From a comparison of the spectra of
SrF2:0.02% Eu + and SrF2.0.02% Sm + to the spectrum
of the sample, the fraction of the optical density due to
Eu + and Sm + at 4.9 eV was calculated; the fraction of
the optical density due to Eu + was always greater than
80% of the total optical density. The total optical densi-
ty was never greater than 0.6, so the photon density did
not change significantly throughout the thickness of the
crystal. By measuring either the decrease in the Eu +

peak or the increase in the Sm + peak, the quantum yield
of the ionization reaction over a time interval was mea-
sured. The Sm + peak was spectrally isolated from the
Eu + bands (the reverse is not so); and these data were
the more accurate.

Figure 4 shows that Sm + production varies linearly
with the number of absorbed photons at early times. We
inadvertently made these measurements at two different
temperatures, and from the slopes found an ionization
efficiency for Eu + (NE„) of 0.65+0. 10% at 295 K and
1.6+0.2% at 310 K for SrF2.0.01% Eu,0.02% Sm. The
errors were calculated assuming a systematic error from
the irradiating lamp which accumulates with each irradi-
ation period and a random error from errors in the mea-
surement and fit of the Sm + band. We used the stan-
dard deviation of the two fits in Fig. 4 as a measurement
of the random error. These figures show that there is a
strong temperature dependence in the ionization yield;
this dependence was confirmed by making relative yield
measurements over a much wider temperature range (Sec.
III E).
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formed by irradiation of a SrF2.0.01 Eu,0.02% Sm crystal vs the
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the ionization efficiency of Eu + in SrF& which has been calcu-
lated to be 1.6% at 310 K and 0.65%% at 295 K. At longer irra-
diation times, sample 1 achieved a photostationary state imply-
ing an ionization efficiency of Sm + at 310 K and 4.9 eV of
3.4%.
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FIG. 5. Two excitation spectra of SrF, :0.01%%uo Eu,0.02Sm
recorded at 80 K before and after 4.9-eV irradiation at 295 K
corresponding to the two states in Fig. 3. The band at 18944
cm ' is part of the H5/2~ F3/2 transition of Sm'+ and the two
bands at 19044 cm ' and 19077 cm ' are the Fo~'D& transi-
tion of Eu'+ F ( C4, ). The two strongest bands are shown at
their correct energies, but the weaker bands are slightly off since
an accurate wave-number calibration was not needed here (also
Figs. 6 and 7).

Another feature of Fig. 4 is the reduction of the slope
after long exposures. At 4.9 eV, there is an absorption
band of Sm + [the values of K(Eu ) and IC(Sm +) are
2.7 and 3.5 cm ' per 0.01% mol at 295 K], and a photos-
tationary state was achieved by the time 36X10' pho-
tons were absorbed. +s was calculated to be 3.4+0.2%
at 310 K and 4.9 eV, assuming @E„=1.6%%uo.

C. Absolute ionization efBciencies —excitation spectra

Since the Eu + is in a cubic environment before ioniza-
tion, we would like to know whether it retains this coor-
dination afterwards, or if it acquires a Auoride compensa-
tor. Therefore, we measured the excitation spectra of
Sm + and Eu + using a narrow (0.5 cm ') laser line.
The Eu + centers have an absorption, due to the
Fp ~ D ] transition, centered at 19 050 cm ' and they

Auoresce at —17900 cm ' as well as at other wave-
lengths. The Sm + centers absorb at 18 950 cm ' due
to the 85/p + I 3/Q transition and also Auoresce at—17900 cm '. Since both of these transitions are
close in energy and fluoresce at approximately the same
energies, they are ideal for a comparative excitation ex-
periment. Figure 5 shows typical excitation profiles at
two states. Because an absolute excitation experiment is
extremely difficult to perform, the relative intensities of
the bands have been normalized in Fig. 5 so that the larg-
est l. 9044-cm ' band of the Eu + absorption rejects the
amount of Eu + destroyed by the photoionization pro-
cess and, hence, the amount of Eu + formed. After this
normalization, it is apparent that the bands for the Sm +

do not change in intensity. This result is expected since
the large excess of Sm + present in the crystal, 4X10'
atoms/cm, is much greater than the small amount of

Srn + formed, typically 1 X 10' atoms/crn at the longest
irradiation times.

The D& state of Eu + is probed in the excitation ex-
perirnent, and from this state information is obtained
concerning the symmetry of the Eu + centers. Zakhar-
chenya et al. ' have characterized symmetries of vari-
ous Eu + sites in CaF2 through polarization and stress
experiments. Hamers, Wielfeldt, and Wright have also
characterized the same system using concentration and
crystal-field arguments. Almost all of the Eu + formed
in these experiments at 295 K can be assigned to the
tetragonal Eu + F site; however, a small amount of the
cubic and trigonal sites are also formed. The assignment
of the tetragonal Eu + F (C~„) site is definite for the
SrF2.Eu + system; the two sharp bands in Fig. 5 have the
ratio of 3:1 which is identical to the ratio reported by Ha-
mers for the CaF2.Eu + F (Cz, ) center. The cubic band
is 3 cm ' higher in energy and has been assigned from
the experiments in Sec. IIID. In that subsection, we
show that cubic Eu + centers are formed exclusively
upon photoionization at lower temperatures. The other
small band which is 3 cm ' lower in energy than the
large 19044-cm ' band has been tentatively assigned to
the trigonal defect center. The crystal field for a trigonal
center would not split the D

&
state; hence only one band

should be present in absorption. Ionic thermocurrent ex-
periments suggest that in the SrFz.Gd system the inter-
stitial fluorine compensates the Gd + in both a nearest-
neighbor site (Cz, ) and a next-nearest-neighbor site
(C3, ). Since the mode of charge compensation depends

.primarily on the size of the trivalent ion, one could easily
argue that Eu +, a neighbor of the Gd + in the periodic
table, would also have some trigonal Eu +.F centers
present. Based on this observation, the unobserved split-
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ting, and a lack of a better assignment for the small band
at 19041 cm ', we assign this band to the trigonal
Eu +.F (C3, ) center.

D. Relative ionization e%ciencies —low-temperature
irradiation

Irradiation of doubly doped samples of SrFz.Eu, Sm at
room temperature was shown to yield only the
Eu .F (C&, ) species as the protoproduct of an initially
cubic Eu +. The observation of Eu + F (C4, ) centers
suggests that the interstitial Auorines can diffuse at room
temperature. To prove this concept, the doubly doped
SrF2.Eu, Sm sample was irradiated at room temperature
and rapidly quenched before the F; could diffuse. In-
tense 5.2-eV laser light was used to excite the sample.
This light is strongly absorbed by the f d(t2 ) state of
Eu +, the same state which the 4.9-eV mercury lamp had
irradiated.

The lower spectrum in Fig. 6 is of the SrFz.Eu, Sm crys-
tal before any ionizing radiation had been absorbed by
the sample. Clearly, there is no Eu + of any form present
in the crystal. After -500 pulses of the 5.2-eV light were
allowed to irradiate the sample, a significant amount of
the divalent europium was converted to the trivalent
state. The crystal was then rapidly quenched to 80 K; to
be more precise, the thermocouple took only 5 min to
reach 80 K. To ensure that the crystal was at 80 K, at
least 15 min passed before the excitation scan was begun.
The middle spectrum of Fig. 5 shows the excitation
profile for this "quenched" crystal. In that spectrum, the
peak due to the Eu +(Oh) center is much more intense
than the same band found in the excitation scans in
which the crystal had been irradiated with a mercury
lamp and remained at room temperature for an extended
period of time. The same "quenched" crystal was then

warmed back to 300 K and remained at that temperature
for over one hour. The excitation spectrum of the an-
nealed crystal is the upper spectrum in Fig. 6, and is iden-
tical to those irradiated with the mercury lamp.

The three spectra in Fig. 6 have all been normalized so
that the amount of Sm + remains constant. For accurate
comparisons between two excitation scans, one must
make sure that the experimental conditions are nearly
identical. Because the quantum efficiency of fluorescence
varies greatly with temperature for both the SrF2.Eu +

and the SrF2..Sm + systems, the crystal temperature was
always maintained at exactly 80 K in the excitation
scans.

By comparing the ratios of the Eu + to Sm + peaks in
Fig. 6 to the ratios observed in the mercury lamp experi-
ment, the total amount of ionization at 5.2 eV was estab-
lished. A measurement of the laser power per pulse times
the number of pulses gave the number of incident pho-
tons, nearly all of which were absorbed. The ionization
efficiency found this way was roughly 1% at 295 K. The
absolute accuracy of this measurement is not as high as in
the mercury lamp experiment, but in this case we were
interested primarily in the relative ionization efficiency of
Eu + measured at different temperatures.

The spectral properties of the cubic Eu + center and
the tetragonal Eu + center are very similar. Their life-
times are both approximately 8 ms and they both
fluoresce at the same wavelength within the resolution of
the monochrometer (4 nm or 125 cm '). These proper-
ties indicate that the F; causes only a slight perturba-
tion of the center. Upon converting Eu +(Oh ) into
Eu + F (C4, ) by annealing, we found that the total ab-
sorption strength of the Eu +.F (C4, ) bands equals that
of the Eu +(01, ) bands. This is a further demonstration
that the interstitial Auorine merely splits the energy level
but does not otherwise affect the wave functions.
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The diffusion of the interstitial Auorines at room tem-
perature in the doubly doped SrF2.Eu, Srn crystals permit-
ted a relative efficiency experiment to be performed in the
following manner. First, a crystal was irradiated for a
short time with 5.2-eV light at 295 K and subsequently
remained at that temperature until all of the trivalent eu-
ropium which had been formed was in the tetragonal
form. An excitation scan recorded the spectrum of t4is
annealed state. Then the sample was cooled to a desired
temperature and was subsequently ionized with the 5.2-
eV light. An excitation scan recorded this spectrum
which is expected to be a composite of the Eu + -F (C4, )

centers from the initial ionization at 295 K and the cubic
Eu + centers from the ionization at the lower tempera-
ture.

In Fig. 7, two typical spectra are shown. In these spec-
tra, the ratio of the largest Eu + F (C4, ) peak to the
largest Sm +.F (C4, ) peak is the same for both treat-
ments, indicating that no Auorines are diffusing at 200 K
(the temperature of the second irradiation period). The
height of the Eu (Oh ) peak can be compared to that of
the large Eu + F (C4, ) peak which was formed by irra-
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IV. DISCUSSION

The result that the ionization yield is a strong function
of temperature is very interesting by itself, and also some-
what puzzling when compared to several reports which
show that photoconductivity does not vary strongly with
temperature.

Photoconductivity measurements at 80 and 295 K were
made for SrFz..0.01' Eu, 0.02% Sm in the "initial" state,
i.e., before reduction of Sm + and in the "green" state,
after substantial conversion to Sm + (Figs. 1 and 2). The
absolute magnitude of the signal was the same at the two
temperatures within a factor of 4 for all wavelengths.
While we have not made a more detailed study of the
temperature dependence of photoconductivity, there are
other reports of a small temperature dependence. Moine,
Courtois, and Pedrini reported the photocurrent versus
temperature of SrFz.Yb + from 100 to 300 K, and
showed a maximum variation by a factor of 4 in the
range. Pedrini has shown a similar insensitivity to tem-
perature for CaFz.Tm + and several others. Anderson
in earlier work on photoconductivity of these systems re-
ported that there was no substantial difference between
photocurrents at 300 and 80 K. In our measurements
on SrFz.-Eu, Sm, there could well be a change in the pho-
tocurrent between 80 and 300 K, but it is probably not
large.

The magnitude of the photocurrent depends primarily
on three factors: the ionization eSciency, the recombina-
tion rate, and the trap distances. The ionization
eSciency should be independent of temperature because
it is a fast process, occurring in a time short compared to
the thermal relaxation of the excited ion into the lowest
excited state and therefore, less than a few picoseconds.
Reported measurements of the line broadening due to
photoionization narrow the range further, to the order of
100 fs. ' If the electron is ejected with an excess kinetic
energy equal to hv —Eo, where Eo is the threshold ener-
gy, this energy is usually much greater than kT, hence
the electron will be inAuenced by the strong Coulomb
fields of the donor ion and the traps rather than by the
phonons before it achieves thermal equilibrium and can
difFuse. The Onsager radius is usually greater (r, =86 A
at 295 K, Ref. 30) than the distance from donor to trap in
our samples (r,„,=59 A). Therefore, it seems reasonable
that the photoconductivity should be found to be nearly
independent of temperature; but then why is the quantum
yield strongly dependent on it above 200 K? The quan-
tum yield at 300 K is 10 times more than at 200 K, ac-
cording to Figs. 8 and 9.

Qur explanation is that the electrons induce a reverse
current of interstitial fluoride (F; ) ions going from trap
to donor and that this current largely cancels the photo-
current. Below 200 K, there is no significant ion current.
The measured activation energy of 0.34 eV for the ioniza-
tion yield will be shown to be nearly that which is expect-
ed for the dissociation of the Sm +-F pairs. The elec-
trons are trapped exclusively by the Sm + ions, as we
showed earlier —no other traps are present in significant
amounts compared to the amount of Sm + added to the
crystal. Most of the Sm + ions are present in the form of

hu

Eu +—+Eu ++e (2)

e +Sm + F ~~(Sm ++ F ) —+Sm ++F;, (3)

Eu ++F; ~Eu +.F (4)

The energy for Eq. (3) may be less than Fd because the
presence of the electron will facilitate the breakup of the
complex. After reaction (3) has occurred, the interstitial
Auorine then diffuses in the attractive field of the electron
donor Eu + because the retarding Coulomb field of the
Sm + has been canceled. This will explain the yield
above 200 K; however, as the temperature is reduced
below 200 K, the second step in Eq (3) be.comes slower
and the electron can only be trapped at the undissociated
Sm +-F complexes, having a small trapping cross sec-
tion, or at the low number of uncompensated Sm + sites.
Lastly, the wavelength dependence of the ionization yield
shown in Figs. 8 and 9 can be explained best as a reduc-
tion of the recombination rate due to the greater distance
traveled by the electron from the donor ion.

An important question which remains is how far must
the electron travel from its donor Eu to the trap. In
Fig. 4, 4.2X 10' Eu + (in 0.0871 cm ) were produced by
the end of the 310-K run; there are 4.04X 10' Sm +/cm
in the sample. Therefore, 14% of the Sm + ions were re-
duced to Sm +. For a random distribution of Eu at
x =0.0001 and Sm at x =0.0002 in SrFz, there is an aver-

0
age of one impurity in every sphere with a 59-A radius;
this corresponds to a length of about ten lattice units.
Therefore, in the above experiment the average value of
the electron range need not be greater than this in order
to explain the results. The Onsager radius in this crystal
is 86 A at 300 K and 130 A at 200 K, so the traps are
generally at a shorter distance; i.e., the Coulomb fields
are important at the distances involved in electron trap-
ping and in Auoride migration as we assumed in the
preceding paragraph.

Sm +.F pairs; only the small fraction of ions, as deter-
mined by thermodynamic equilibrium, are uncompensat-
ed because of the large dissociation energy of the
Sm + F complex and because the interstitial Auorines
can diffuse easily through the lattice.

In the absolute yield experiments, as much as 14' of
the Eu + ions were converted, far more than could be ac-
counted for if the electrons were tra, pped at uncompen-
sated Sm + sites. After the electron is trapped, the inter-
stitial fluorine then moves in the direction of the donor
by a series of lattice-interstitial interchanges. The activa-
tion energy for the entire process is presumably related to
the activation energy for the quantum yield measured in
this work.

The value for this process is found to be 0.34+0.04 eV,
while the dissociation energy of a Sm + F complex is
Ed =0.57 eV, and the diffusion energy of F, in SrFz is
E, =0.95 eV. ' The 0.34-eV energy is less than either of
the other two, and we now speculate on this value.

The activation energy for trapping must certainly in-
volve dissociation of the Sm + F complex, ' the follow-
ing scheme is envisaged:
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The photoconductivity measurements illustrated in
Fig. 1 show that the thresholds for photoionization of
Eu + and Sm + are about 4.7 eV (38 100 cm ') and 3.4
eV (27100 cm '), respectively. Earlier measurements
suggest lower values; however, after the samples have
been irradiated for a long time, species having lower ion-
ization potentials apparently are formed. ' A possible
species would be Sm + with a F; compensator nearby,
either in the nearest interstitial site or in the nearby trigo-
nal site. In BaFz.Tm +, there is evidence for both of
these and they are interconvertible by visible light.
These higher values for the threshold remove the anoma-
ly mentioned in Ref. 1 for these ions: They are close to
the values of 4.45 and 3.06 eV predicted by the electro-
static model.

Finally, we need to elaborate our explanation for the
temperature-independent photoconductivity in relation
to the results of our yield experiments. Two factors must
be considered. Firstly, the number of electrons being
measured in a photoconductivity experiment is small
compared to the numbers involved in measuring the
yields. The currents measured are —10 ' A, or 10 elec-
trons in the external circuit; this translates into 10' elec-
trons in a 1-mm crystal for a 1000-A donor to trap dis-
tance. This is six orders of magnitude less than the num-
bers involved in the yield measurements.

Secondly, the photocurrent measurement takes only a
few seconds while the yield measurements are taken over
hundreds of minutes. We suppose the events registered
in a photocurrent experiment are mainly due to electron
trapping at the uncompensated Sm +, whose dipole
length may be 1000 A or more while the contributions
due to trapping at the more numerous Sm + F com-
plexes are lessened because of their smaller dipole and be-

cause of the reverse F,. current. While the diffusion of
interstitial Auorines is slow when dealing with 10' ions,
it is fast enough for the 10' electrons in the photocurrent
measurement to cancel a large part of the photocurrent,
and thus to explain the temperature insensitivity. We are
carrying out temperature- and time-dependent photo-
current studies to put these ideas on a firmer basis.

V. CONCLUSION

We have found that the photoionization yield of Eu +

in SrF2 codoped with Sm + is dependent on temperature
above 200 K with an activation energy of 0.34 eV, and
nearly independent of temperature below 200 K. The
same temperature dependence was observed at 5.2 eV and
5.7 eV, where the absolute ionization yields were —1%
and —8%, respectively, at 295 K. In more accurate ex-
periments, we found an absolute ionization efticiency of
Eu + in SrF2 at 4.9 eV of 0.65+0.2% at 295 K and
1.6+0.2% at 310 K. The photocurrent was found to be
the same at 80 and 300 K and therefore assumed to be in-
dependent of temperature in this range.

These results can be interpreted to show that there are
two kinds of electron trapping processes following photo-
ionization, one is the trapping at a Sm +.F complex at
distances 50—100 A from the donor Eu +, followed by
diffusion of interstitial Auorines from trap to donor. The
other is trapping at the rare uncompensated Sm . Only
the latter contributes to the photocurrent.
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