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Optical evidence of multiple Ce**:Na* charge-compensation sites in codoped Ce’**:Na™:CaF,
and Ce**:Na*:SrF, crystals is reported. High-resolution absorption and laser-excitation spectros-
copy reveal the presence of numerous lines in the 32 200—32 400-cm ™! region indicating a quasiran-
dom distribution of pair sites. The absorption spectra of annealed Ce**:CaF, and Ce**:Na*:CaF,
crystals reveal isolated O, lines. This fact has aided the interpretation of the Ce3>":Na™ pair spec-
tra. Evidence for photoionization of charge-compensated Ce®* sites followed by trapping of the
electron at remotely compensated (O,) Ce®" sites is presented. Acceptor-type hole burning, the
disappearance of the cubic Ce** site’s absorption line while exciting the Ce’":Na™ pair centers, is
observed in both CaF, and SrF, hosts. The holes persist for weeks after their creation and survive

thermal cycling to room temperature.

I. INTRODUCTION

Trivalent rare-earth ions are readily soluble in the
alkaline-earth fluorides CaF, and SrF,. They enter sub-
stitutionally at the Ca?' and Sr?>" sites. The extra posi-
tive charge of the rare-earth relative to the ion it replaces
makes some type of charge-compensation mechanism
necessary, either remote or local. The presence of a par-
ticular type of site in a given crystal sample depends on
the growth environment and the thermodynamic and ki-
netic behavior of the ions in the melt and solid sample.
Ce®* is an attractive ion with which to investigate the
charge-compensation question with optical techniques
since, having the simple electron configuration 4f!, its
sites exhibit simple spectra. Several types of Ce’™
charge-compensation centers in fluorite structure lattices
have been identified. Two common sites for Ce3" (and
for the other trivalent rare-earth ions) are the tetragonal
center, C,, F~(100), where a fluorine ion resides in the
nearest interstitial lattice site, and the trigonal center,
C3, 07 (111) where an oxygen ion replaces a fluoride in
the cube surrounding the rare-earth ion. In crystals
grown in the absence of oxygen the former predominates.
The charge-compensator coordinates are expressed in the
crystallographic (hkl) notation in units of 4 the unit-cell
dimension, a,. la, is the distance between adjacent
body-centered sites in the fluorite lattice. Kaplyanskii
et al.! have published optical-absorption and emission
spectra of the Ce** C,, F(100) site in CaF,, SrF,, and
BaF, and also the Ce’* C;, O*7(111) center in CaF,.
Not all of the predicted energy levels were observed in
this early work. Manthey>® has completed a detailed
study of the Ce** C,, F~ center including a full crystal-
field-theory treatment. He also reports some additional
information on the two trigonal Ce** center absorption
lines, C;,, O*7(111) and C;, F(111). Magnetic suscep-
tibility and infrared absorption measurements aimed at
establishing the energies of the ground state 4f manifold

40

for the C,, F~(100) site in CaF, and SrF, have been pub-
lished by Mires and Walker.*®> Freeth and Jones® have
completed additional infrared measurements and energy-
level modeling work on this site in the two hosts. Jacobs
et al.” have published a detailed study of the electronic
and vibrational spectra of Ce**t C,, X (100) sites in
CaF, and SrF,, when X~ was the H, D™, or T~ ion.
Pre-1974 optical data, as well as pertinent magnetic ex-
periments, have been summarized in Ref. 8. Theoretical
analyses have been completed by Manthey?? and Staros-
tin and co-workers®’ on energy-level and line-intensity
data for the C,, F7(100) site. The latter authors also
have completed similar work for some of the alternative
centers,'? including the C,, Na*(110) and the O, site, for
which no optical data existed until the present study.

A new class of charge-compensation sites may be creat-
ed by doping monovalent impurity ions along with
trivalent rare-earth ions into fluorite hosts. The charge
balance is preserved by the substitution of the mono-
valent ion at a divalent calcium site, thus providing a net
negative charge. ESR evidence for the existence of these
types of sites has previously been reported.''"!?> The
monovalent ion chosen for codoping with Ce3* into the
CaF, and SrF, host lattices is Na™. The ionic radius
match to Ca’", and Sr*t is fairly close
[r(Nat)=1.06 A, HCa2")=1.02 A, r(Sr**)=1.18 A],"?
and NaF has been found to dissolve by prior workers.!!

The first 24 Ce3":Na™* sites are listed in Table I with
the Ce®*' ion as the origin, and the coordinates of the
Na' compensator given in units of la,, where ag is the
lattice constant (for CaF,, a,=5.4629 A at room temper-
ature; for SrF, a;=5.7996 A at room temperature?).
Table I also contains the Ce*T-Na™ separation and the
number of equivalent orientations for each site. The Na™
substitutional sites [(110), (200), etc., the even sublattice]
are indexed by the integer n related to the coordinates
and distance by A2+ k?+1?>=2n=R2. 1"

Figure 1 shows idealized pictures of the C,, F~(100)
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TABLE I. Ce**:Na™ pair sites in the fluorite lattice. a, is the lattice constant.

(hkl) R=1@2n)"? Number of
n (-;-ao units) (ag units) Symmetry equivalent sites

1 110 0.71 C,, 12

2 200 1.00 Ca, 6

3 211 1.22 C; 24

4 220 1.41 Cy, 12

5 310 1.58 C; 24

6 222 1.73 C,, 8

7 321 1.87 C, 48

8 400 2.00 Ca 6

9 330 2.12 C,, 12

9 411 2.12 C, 24

10 420 2.24 C, 24

11 332 2.35 C; 24

12 422 2.45 C; 24

13 431 2.55 C, 48

13 510 2.55 C, 24

15 521 2.74 C, 48

16 440 2.83 C,, 12

17 433 2.92 C; 24

17 530 2.92 C; 24

18 442 3.00 Cy 12

18 600 3.00 C,, 6
and C;, F7(111) sites, and also of the first four
Ce’*:Nat sites. CaF, and SrF, samples codoped with
. o low concentrations of CeF; (0.003-0.006 mol %) and an
F Interstitial Sites excess of NaF (0.1 mol %) exhibit many new lines in their
c.am low-temperature, ultraviolet spectra. The appearance of

c“(xoo) 3v . . .
these spectra immediately suggests the coexistence of
many of these Ce**:Na™ charge-compensation sites. No
one line, or group of lines, dominates in intensity. The
]@ I@ distribution present in the samples appears to be random,
based on site occurrence, rather than thermodynamic,
based on electrostatic site binding stability. This is in
Na* Substitutional Sites contrast to grystal§ with ﬁl.xoride-ion intersti'tial sites
@ where the optical evidence points to the predominance of
the most stable, nearest-neighbor charge-compensated
20 sites.!2

C,, (110)

®

C‘ Q11)

4, (200)

© S

FIG. 1. Model pictures of some Ce** charge-compensation
pairs. Examples of both the Na* substitutional sites and the F~
interstitial sites are shown.

Figure 2 shows the 4f, and partial 5d, energy-level dia-
gram of Ce®" as a free ion, in a cubic crystal field, and in
a low-symmetry crystal field. The low-symmetry field di-
agram is representative of the charge-compensation
centers studied. The degenerate 4f G states, and the 5de
level, are split by the axial fields (this splitting is some-
what exaggerated in Fig. 2). The 2F,,, and *F;,, states
split into five levels in the cubic field, and seven in a
lower-symmetry environment (Cy,, Cs,, C,,, etc.). The
4f spin-orbit splitting of the Ce’" impurity does not
change much from the free-ion value, 2253 cm™ .13
Spin-orbit coupling in the 5d levels is omitted from Fig.
2. Only the sharp transitions between the 4f manifold
and the S5de levels are considered in this study. An
analysis of the broad, higher-energy 4f — 5dt absorption
bands from the common Ce** C,, F~(100) site in CaF,
has been completed.?>

The symmetry notation for the double-group represen-
tations of various point groups is made clear in Table II.
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FIG. 2. The 4f,5d energy-level diagram of Ce*™ as a free ion,
in a cubic crystal field, and in a low-symmetry field. Energies
are representative of the Na™ sites studied.

The gammas are Bethe’s notation. The somewhat more
descriptive E and G notation is that of Mulliken as
modified by Herzberg. Clear labeling of the low-
symmetry representations includes the cubic parent nota-
tion. For example, the E; ,, ground state of the Ce>" ion
in a C,, -symmetry site is labeled G E; ,, distinguishing
it from the higher-energy E;,E; /, state.

The purpose of this report is to present evidence for
the existence of multiple Ce*":Na™ charge-composition
sites in CaF, and SrF,, and to present a comprehensive
set of optical data for these centers. Since we find evi-
dence that the Ce>" at these sites photoionize, the high-
resolution spectroscopic data are of particular interest.
Section II contains descriptions of the experimental tech-
niques employed. Section III presents high-resolution ab-
sorption spectra of CaF, samples containing the O,

TABLE II. Two common notations for the double-group
representations of point groups of interest. Reduction of sym-
metry from O, reads left to right.

Oh C4v C3v CZv Cs
E,, (Ty) E\, (') E p(Ty) E\;n(Ts) E;;(Tyy
Es; (T7)  E;p(Ty)  Ejp(Te)  Ep (Ts)  Eqp (Tsy)
G (Ty) Ep (T Ep(Ty) Ep(Ts) E\p(Tiy)
Giipn (Ty)  E3pn(Dy)  E;n(Ty)  Ei,p(Ts)  E,p (D)
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center, and of samples containing multiple Ce*":Na™
sites. Section IV contains the laser-excitation spectra of
the multiple-site CaF, sample, and includes the observa-
tion of persistent spectral hole burning (the disappear-
ance of the O, site). The spectra show evidence that the
charge-compensated sites photoionize and that the re-
motely compensated O, sites trap the freed electron. In
Sec. V laser-excitation spectra of Ce**:Na™ codoped into
SrF, are presented and discussed. The results in this oth-
er host crystal are quite similar, including the observation
of a hole in the spectrum at the O, site, and complement
the CaF, results. Section VI summarizes our conclusions
and contains suggestions for future work. A planned
companion paper'® will contain site-selective laser spec-
troscopic results, crystal-field theory for the cubic and
Na™ pair sites, and a discussion of the site identifications.

II. EXPERIMENTAL DETAILS

Four types of experiments were employed in the inves-
tigation of the Ce impurity centers in CaF, and SrF,.
These are absorption spectroscopy,’ broad-band-
monitored excitation,!” narrow-band-monitored, site-
selective excitation,!” and site-selective emission.!” A
brief description of the techniques and of the experimen-
tal apparatuses follows. While the results from the two-
site-selective methods will be reported in the future, the
rather similar experimental setups are described below.

Absorption spectra® were taken with a Jarrell-Ash
3.4-m monochromator using a Ebert-mounted 30 000-
lines/in. grating in first order. The effective resolution
was about 0.5 cm™'. Spectra were recorded either pho-
toelectrically or on photographic plates. Fe-Ne and Pt-
Ar hollow-cathode lamps provided calibration lines.
Samples were immersed in liquid helium in a Janis Dewar
equipped with a vacuum system in order to reach
superfluid helium temperatures and eliminate bubbles.

For excitation and emission spectra!” a Molectron DL
IT dye laser equipped with a doubling crystal is used as
the excitation source. The laser linewidth is 0.3 cm ™},
and 0.6 cm™! when doubled. uv laser power is
~20 pJ/pulse and the laser is typically run at a repeti-
tion rate of 20 pulses/s. The experimental setup is shown
in Fig. 3. During excitation scans four channels of data
are gathered by gated integrators on a shot by shot basis:
(1) emission signal, (2) laser-power reference, (3) 1.0-cm ™!
étalon fringe-counting photomulplier tube (PMT), and (4)
the optogalvanic signal from an Fe-Ne hollow-cathode
lamp. Optogalvanic lines are used as absolute calibration
references and the étalon fringe pattern is used for rela-
tive calibration. This allows absolute calibration accura-
cy of better than 1 cm ™!, and relative calibrations (peak
spacings) accurate to 0.1 cm ™. Fifty shots of signal, di-
vided by reference, are averaged and stored. The excited
emission is monitored at 342 nm with the monchromator
slits wide open (0.3 cm). The emission signal is moni-
tored by an uv-sensitive, low-noise Hammamatsu R-212
photomulplier tube. Some excitation spectra were taken
without the étalon calibration pattern and were thus un-
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FIG. 3. High-resolutioon emission and excitation apparatus.
F is the Corning 7-54 uv pass filter. M is the mirror. BS is the
quartz beam splitter. HCL is the Fe-Ne hollow cathode lamp.
E is the 1-cm™! free spectral range étalon. PMT 1 is the 1P-28
photomultiplier tube fronted by a pinhole. PMT 2 is the Ham-
mamatsu R-212 low-noise photomultiplier tube. C is the cryo-
stat. § is the sample crystal. L1 is the 0.5-m-focal-length
quartz lens. L2 is the 7-cm quartz lens. REF is the 1P-28 PMT
with MgF, scattering surface. The GI. are the Stanford
Research Systems, Inc. SRS-250 and Molectron LP-20 gated in-
tegrators.

corrected for laser sine drive error. These spectra were
scaled by using a correction pattern from another scan,
resulting in a peak position agreement of 0.3 cm™! or
better between scans. For 1.8-K spectra, a custom-made
Pope liquid-helium immersion Dewar is employed. A
vacuum system is used to reach superfluid He tempera-
tures. For 15%2 K (temperature at sample) spectra, an
Air Products Displex closed-cycle He refrigerator is used.
For emission spectra, the 2.0-m McPhereson mono-
chromator slits are closed to 50 um, giving an effective
resolution of 3.3 cm™!. The monochromator was
equipped with a 1200-lines/mm grating blazed for 7000
A, and was used in second order. Prior to each scan the
monochromator was calibrated with a convenient Hg
pen-lamp line (312.5663 nm). The hollow-cathode lamp
and étalon plus PMT fringe-counting arrangement in Fig.
3 are removed during emission scans. As in the excita-
tion experiments, the data are collected on a shot-by-shot
basis and are normalized for laser-power fluctuations. A
Displex refrigerator is used to cool the sample to 15 K.
Doubly doped Ce’*:Nat-containing crystals are
prepared from CaF, and SrF, with low percentages of
CeF; (0.020-0.003 %), and larger amounts of NaF
(0.100%) added. The percentages are by weight with
respect to CaF,. Carbon crucibles are covered to reduce
the escape of volatilized NaF. Despite the closed cruci-
bles, Na*t centers are most efficiently produced with a
large excess of NaF.3 The final concentration of Na* in
the samples is not known, but is certainly much less than
the 0.100% initially added. The CaF, samples were
grown by H. Temple of the RCA Corporation by way of
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the gradient freeze method, and were kindly donated for
our use. SrF, samples were grown by L. DeShazer of the
Hughes Corporation and kindly donated for our use by
V. Nicolai of the Office of Naval Research. A brief
description of the heat treatments given to some of the
studied samples follows.

To produce uncompensated O, centers in a Ce**:CaF,
sample, the annealing procedure of Ref. 18 was followed.
Friedman and Loh'® found via ESR that CaF, crystals
doped with Ce’t and Gd3™, and heat treated as follows,
exhibited predominantly O, -site signals. Fragments of a
0.002% Ce**t:CaF, crystal (sample 1), plus powdered
CaF,, were placed in a quartz tube. The tube was heated
and evacuated to out-gas unwanted oxygen. The tube
was then sealed and gradually heated to 1200°C. After
12 h at that temperature it was quickly quenched in cold
water. The resulting spectrum is shown in Fig. 4(a).

Some Ce®*:Na':CaF, double-doped samples were
similarly heat treated to produce uncompensated Ce3™
centers or to select against the thermodynamically
favored F~ interstitial sites by fast cooling. The samples’
heat treatments differed in the cooling rate between
solidification and room temperature. Three (Ce, Na)-
doped samples were cooled at different rates and, as
shown in Figs. 4(b)-4(d) quite different spectra resulted.
The detailed thermal treatments are not accurately
known, however, and this aspect of the sample prepara-
tion has not been studied. All laser experiments on
Ce**:Na*:CaF, were performed on a piece of sample 4.
No heat treatments were done on the Ce’*:Na™:SrF,
samples.

III. ABSORPTION SPECTRA OF THE Ce**:Na*:CaF,
CHARGE-COMPENSATION PAIRS
AND THE Ce** 0, SITE

Figure 4 shows absorption spectra® in the 314—308-nm
region from four different samples: (a) 0.001 at.%
Ce**:CaF, (sample 1), (b) 0.003 at. % Ce*":0.1 at. %
Na+:CaF2 (sample 2), (c) 0.02 at.% Ce**:0.1 at. %
Na™:CaF, (sample 3), and (d) 0.003 at. % Ce**:0.1 at. %
Na*:CaF, (sample 4). Consider Fig. 4(a). The line at
313.17 nm is the well-studied 4f G E;,,—5de G F;,
transition of the Ce3*C,,, F site. Since the crystal was
grown in the manner reported!® to yield uncompensated
O,-symmetry Ce>" centers, the assignment of the
higher-energy line at 309.23 nm [32 329 cm ™}, full width
at half maximum (FWHM)=2.6 cm™!] due to the un-
compensated Ce*t O, site’s 4f G—5de G transition is
made. This assignment is greatly strengthened by infor-
mation from the spectra of Ce3":Na™' codoped crystals
discussed below and by emission results which will be re-
ported in a future paper. Broader bands from the C,,
center’s vibronic transitions are also present in Fig. 4(a)
and other spectra. The most prominent of these is the
308.5-nm line due to the 486-cm ™! vibration. This vibra-
tional line was assigned to an A4, breathing mode of the
F~ cube surrounding the Ce>™ ion by Hayes et al.'® A
strong progression in this mode occurs in Ce3*:CaF,, and
also in SrF, and BaF, systems at different frequencies,
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FIG. 4. 2.2-K high-resolution absorption spectra of four Ce** CaF, samples. (a) Sample 1, 0.001 at. % Ce**:CaF,, 3.1 mm, heat
treated. (b) Sample 2, 0.003 at. % Ce®**:0.1 at. % Na':CaF,, ~1 mm, slow cooled. (c) Sample 3, 0.02 at. % Ce**:0.1 at. %
Na*:CaF,, 0.18 mm. (d) Sample 4, 0.003 at. % Ce**:0.1 at. % Na™:CaF,, 1.1 mm, fast cooled. All spectra are digitized microdensi-

tometer traces of photographic plates.

making its identification as a configuration coordinate a
natural choice.?°

Figure 4(b) shows the C,, F~ and the O, site’s zero-
phonon lines occurring in Ce3*:Na™ codoped sample 2,
which was slowly cooled from solification to room tem-
perature. This procedure apparently allowed the Na™
ions to volatilize leaving their Ce>" ions at uncompensat-
ed sites. The wavelength of the O, line is 309.25 nm
(32327 cm™ 1), slightly different from that of sample 1,
but within the latter’s bandwidth.

Figures 4(c) and 4(d) exhibit a thicket of lines absent in
singly doped samples. Approximately a dozen lines are
clustered between 309.5 and 308.9 nm, and a prominent
peak appears around 310.2 nm. These are identified as
zero-phonon lines from the 4f-—>5de transitions of
Ce’*:Na™ charge-compensation sites. It is expected that
the Sde level will be split by the low-symmetry crystal
fields of the Nat compensators, each site thereby giving
rise to a doublet, although one of the transitions might be
weak. The observation of 12 or more prominent lines of
this type indicates the presence of multiple Ce’t:Na*
charge-compensation sites in these samples. The ex-
istence of many Na™ sites is interesting since only a few
of the possible sites of other charge compensators, such
as F~ and 0?7, are usually present in measurable concen-
tration.® This can be explained by the high temperature
at which the distribution is frozen in and the relatively
small Coulomb attraction of the trivalent ion and its
charge compensators. The detailed spectral features of

the Ce**:Na™ sites are more readily seen in the excita-
tion spectra of Fig. 5. The corresponding line list is given
in Table III. Note that the spectra in Figs. 4(c) and 4(d)
show a broad central region centered at 309.3 nm that
overlaps the position of the O, -site line. As Na* ions oc-
cupy increasingly distant charge-compensation sites, the
low-symmetry crystal-field splitting of the 5de level into
its !6)(dx2_y2) and |0>(d22) components will shrink. In

Figs. 4(c) and 4(d), well-resolved lines due to the closely
spaced Ce>":Na™ pairs are observed, as well as overlap-
ping lines caused by more distant Na™ ions. These par-
tially resolved lines eventually form a broad region as the
splittings become unresolved. These observations rein-
force the assignment of the isolated line at 309.25 nm in
Figs. 4(a) and 4(b) as originating from the O, site, as it
falls in the midst of the broad “distant compensation” re-
gion. The relative strength of the various Na™ lines are
independent of the Ce3" doping level for the concentra-
tion range investigated.

While a full study of growth conditions and annealing
treatments of these singly and doubly doped crystals
would be highly desirable to elucidate the details of site
formation, this would involve many more samples than
available, and has not been done. Here, the few examples
of the heat treatments that have been performed, which
led to the different spectra shown in Fig. 4, are discussed.
Several samples of Ce’":Na™:CaF, were studied® which
exhibited low-temperature absorption spectra similar to
that of sample 3 in Fig. 4(c), with the Na™ -site lines in
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the 310-309-nm region and the C,, F~ -center line at
313.17 nm. The C,, F~ center always appeared in these
unannealed samples. At very high temperatures the im-
purity ions are expected to be mobile in the CaF, lattice,
and the distribution of charge-compensated centers to be
random and distant. Upon cooling, the ion mobility and
the site stability dictated by electrostatic forces combined
with entropy determine the final distribution.?! A rapid-
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cooling treatment should freeze in the high-temperature
ion distribution and lead to remotely compensated, O,-
symmetry impurity sites. This was observed for
Ce’*:CaF, by Friedman and Loh!® with ESR. Our simi-
lar optical result is shown in Fig. 4(a), qualified by the
presence of the thermodynamically favored C,, F~
center as well. The doubly doped samples show a some-
what more complex annealing behavior. The slowly
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FIG. 5. High-resolution laser-excitation spectra of sample 4, Ce’*:Na*:CaF,. Peak energies and features are tabulated in Table
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FIG. 5. (Continued).

cooled sample 2 [Fig. 4(b)] showed the only C,, F-
center line and the remotely compensated O, line, while
the rapidly cooled sample 4 [Fig. 4(d)] manifested only
Na™ sites.

Excess NaF will volatilize at temperatures near the
melting point, but may first drive out the F~ compensa-
tors as in sample 4, and upon rapid cooling leave the Na-
Ce pair distribution as we observe it. A statistical treat-
ment of this distribution can be carried out assuming
equilibrium at some reasonably high temperature, say
T;=1500 K, below which Na™ diffusion is slow in CaF,.
This should lead to a population distribution n; of the
different pairs and of the distant, nearly cubic sites. The
low Ce concentration of 0.003 wt.% corresponds to
x =7.6X 1075 M or approximately 1 Ce3>" ion per 13 000
Ca’? sites. This is approximately the number of sites en-
closed in a sphere of radius 9a, (a,, the unit-cell length,
is 5.46 A for CaF,). The formula n ~4( 47r3) is employed
to get this result.?? The number n; of each Na-Ce pair
would be in a Boltzmann distribution possibly deter-
mined by the largely Coulombic attraction between Na
and Ce and the statistical weight g; of each type of pair:

n; _ giexp(—u;/kTy)

>

nr q
where ny is the total number of pairs and u; is the attrac-
tive potential, provisionally given by u; = —e2/€R;. R, is

the pair separation and €, the dielectric constant, is 6.7
for CaF,.® Here we ignore reductions in the dielectric
constant which may be expected for the most closely as-
sociated pairs. For CaF, with a T, of 1500 K,
u;/kT;=~—3.04/m, where m is the number of unit-cell
lengths between paired Na and Ce ions. The partition
function g has to be expressed for the sphere containing
one Ce to avoid problems with the definition of pairs.

Distinct pairs cannot be resolved beyond m =3, which is
an order of magnitude smaller than (1/x)1/3. Therefore,
we write

m=3

1
+;_ zgz >

i=1

m=3

qg= 3 gexp

i=1

1

where the last term is 446, the number of Ca sites in a
sphere of radius 3a,, and hence it can be neglected com-
pared to 1/x. When compared to the spectrum shown in
Fig. 5(a), this result shows that the pair contribution to
the partition function must depend much more on the at-
tractive potential than on statistics, even though, as we
now show, the spectrum at first looks as though it is close
to that of a random distribution.

Figure 5(a) is the laser-excitation spectrum of
Ce**:Nat:CaF,, sample 4, at 2 K. The laser-line width
of 0.3 cm ™! is less than the inhomogeneous broadening of
the lines. The prominent lines are numbered 1-13. Be-
tween lines 6 and 7 is a region (32322-32328 cm™))
which appears to be due to the near continuum of pairs
having large distances of separation. Lines 1, 2, and 3
have the intensity ratios 12:5:12. Our first attempt at as-
signing them is to attribute them to the three nearest-
neighbor charge-compensation sites, C,, Na*(110), C,,
Na*(200), and C, Na™(211). The corresponding statisti-
cal weights are 12:6:24 (see Table I). Anticipating the
site-selective excitation and emission results which will be
presented in the future,!® we know that lines 1 and 2 con-
tain most of the 4G — 5de oscillator strength for their
respective sites, whereas lines 3 and 8 of comparable in-
tensity originate from a third pair. Summing their
intensities yields a ratio close to the purely statistical
12:6:24 prediction for the (110), (200), and (211) pairs.
Their Boltzmann factors, ‘calculated wusing u;/kT),
= —3.04/m, would be 72:21:12. Although these factors
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TABLE III. Summary of prominent laser-excitation peaks of sample 4, Ce:Na:CaF,. Data tabulated
are from both the crystal zone exhibiting C,, F(100) and C;, F(111) site peaks (the corresponding
spectrum is in Fig. 6), and the crystal zone exhibiting an absence of F~ peaks [the corresponding spec-
tra are in Figs. 5(a)-5(c)]. A, is the separation of the C,, F~(100) center’s vibrational bands from the
origin. Vibration is abbreviated as v, w denotes a weak line, 4 denotes a hot band. Possible assignments
for some Na™ lines are listed. Line association to sites labeled 4,B,C,. .. is based on site-selective re-
sults (Ref. 16).

Vacuum ¥ Linewidth FWHM Ay
Assignment (cm™h) (cm™1) (em™})
C., F(100) 31922.2 2.0 0
C,, F(100)+v 32022 100
C,;, F7(111) 32027
C,;, F~(111) 320574 25
C,, F7(111) 32058.8 :
C,, F7(100)+v 32090 168
C., F(100)+v 32118 196
C,, F7(100)+v 32144 222
C4, F7(100)+v 32156 234
zero-phonon line (not Na*) 32178.5 1.0
zero-phonon line (not Na™) 32196.5 1.0
Na® line 14 (a), site 4, C,, (110)? 32214
Na* line, w 32219.5
C,, F(100)+v 32226 304
Nat line 1, site 4, C,, (110)? 32227.8 1.1
Na% line, w 32235.6
Nat line, w 322379
Na* line, w 32241.8
Na® line, w 32252.1
Na% line, w 32254.0
Cs, F(100)+v , 32254 332
Nat line 1k (b), site 4, C,, (110)? 32277 7
Na* line 2h, site B, w, C,, (200)? 32293.5 1.1
Na% line 3h, site C, C, (211)? 32296.0 1.1
Na* line 2, site B, C,, (200)? 32298.5 12
Na® line 3, site C, C, (211)? 32305.5 0.9
Na™ line 32309.3
Na* line 32312.1
Na® line 323139
Na™t line 32315.7
Na® line 4, site D 32317.0
Na™ line, shoulder 32318.4
Na™* line 5(a) 323204
Na™* line 5(b), 8h, sites B and C 32321.4
Na* line 323229
Na? line 6, site E 32323.5, 32324.2
spectral hole, O, site 32325.0
Na™* line 7 32326.1, 32327.1
Nat line, shoulder 32326.8
Nat line 323283
Na™ line 8, sites C and D 32329.6
Na™t line 9 32331.6 1.2
Nat line 10h, site F 32334.2 1.0
Na™ line, w 32335.1
Na™t line 10, site F 32338.2 1.1
Na' line 11, site F 32343.6 0.7
Na™* line 323449
Na®t line 12, site F 323479 1.1
Na™' line 13 32353.1 0.9

C4 FT(100)+v(A4y,) 32408 486
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spoil the good match somewhat, we cannot conclude any-
thing without examining the transition probabilities. At
least this initial assignment remains a reasonable one.

It is possible, however, to reconcile the total area under
the distant pair region with that of the lines using the
Coulomb potential and the resulting Boltzmann factors.
The ratio of the narrow line area to the broad band
around 32 325 cm ™! seems to be about 1:1, and thus the
two parts of the partition function should also be in this
ratio; hence 3,;g;exp(u;/kT)=13000. Taking a crude
average, exp(—u,;/kT)=13000/446=29.1, and u/kT
=—3.4. This is in reasonable agreement with the
Coulomb result using €=6.7, of —3.04/m, given above.
The apparent intensity ratios of lines 1, 2, and 3 are not,
therefore, purely statistical. There appear to be fewer re-
mote pairs than a statistical distribution indicates.

We have not made an accurate study of the spectral
areas as yet and we do not want to push this line of inves-
tigation any further. But an interesting discovery has led
to another estimate of the population of distant pair sites
(0, sites). This will be presented in the next section.

IV. EXCITATION SPECTRA OF THE Ce**:Na*:CaF,
CHARGE-COMPENSATION PAIRS
AND OBSERVATION OF HOLE BURNING

A. The Ce**:Na™ pairs

Figure 5 shows laser-excitation spectra of the fast-
cooled Ce’*":Na*:CaF, sample 4 taken at 1.8 and 15 K.
The most prominent peaks are numbered starting at the
lowest-energy Na™ line at 32227.8 cm~!. The position
and widths of these lines are listed in Table III (cm™!
units are vacuum-corrected values). This table also con-
tains lines from other sites such as the F~ C,,(100) and
the F~ C;,(111) which will be discussed later. Initially,
the excitation spectrum [Fig. 5(a)] is quite similar to the
absorption spectrum in Fig. 4(d), and exhibits all of the
lines tabulated from the original photographic plates.® It
is worth pointing out that approximately two decades
elapsed between these two measurements. Apparently
the Ce**:Na* centers are quite thermally stable and per-
sist for many years in CaF,. Note that small differences
that exist between line energies and wavelengths of the
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excitation spectra and those of the previously presented
absorption spectra are due to a systematic error in the ab-
sorption calibration.> The more accurate excitation
values, tabulated in Table III, should be used. Later,
high-resolution absorption spectra® of the codoped sam-
ple 4 agree to better than 1 cm ™! with the laser-excitation
spectra.

After further excitation scans and an emission study in
which most of the sharp lines were selectively irradiated,
however, the spectrum changed [Figs. 5(b) and 5(c)]. A
deep, sharp spectral hole appeared at 32325 cm™ !, the
energy of the uncompensated, O, -center transition. The
first laser spectrum taken of the sample, Fig. 5(a), exhibits
a small notch (1.5% of the peak intensity) that might be
the initial appearance of this feature. In addition, the in-
tensities of the lines seem to have decreased relative to
the central peaks flanking the hole. The hole persists
through thermal cycling to room temperature, for a
period of at least 2 weeks and perhaps longer. It is im-
portant to note that the hole at 32325 cm™! appears
while exciting nonresonantly. The laser was tuned into
resonance with the zero-phonon lines well removed from
32325 cm™! in order to study the site-selected emission
spectra. Subsequently, the appearance of the spectral
hole was noted.

The most likely explanation for the appearance of the
spectral hole is that the charge-compensated Ce®%
centers photoionize with good efficiency under
moderate-intensity uv laser excitation. Subsequently, the
freed electron traps at uncompensated (0,) Ce** centers,
reducing them to Ce?’' and leaving a hole at 32325
cm™ L. The observed hole is, therefore, an acceptor hole
and reflects the disappearance of the trapping center in
contrast to the more common, resonant, donor-hole-
burning mechanism. The nonappearance of donor holes
in the spectra must be explained by lack of laser resolu-
tion. Instead of holes, merely reductions in transition in-
tensities of the photoionizing sites are observed in these
samples [see Fig. 5(c)]. In excitation spectra of
CeH:Naﬁ:SrF2 samples, donor-hole burning was ob-
served in the inhomogeneously broadened line associated
with the C,, F~(100) site. Notches in this 0-0 line ap-
peared while the laser was set in resonance with it to take
emission spectra (see Sec. V). An equation describing the
photoionization and trapping process is

Ce**(charge comp. )+ Ce* ' (cubic)+nhv— Ce**(charge comp. )+ Ce?*(cubic) ,

where 7 is the number of photons involved in ionizing the
charge-compensated Ce®*". The filled-shell Ce** is likely
to be spectroscopically inactive in CaF, and SrF,; howev-
er, the Ce?’t ion’s spectroscopy is well understood, at
least in CaF,.?* Thus, an experiment to confirm the
above mechanism by monitoring the Ce?* product is
feasible. This has not yet been attempted in the ce’t,
Na™ codoped crystals (however, this experiment has been
successfully completed at room temperature for singly
doped Ce’*:CaF, samples,?>?® as discussed below).
Another possible explanation for the hole’s appearance

r

is that Ce3* O, sites, themselves, are photoionized, leav-
ing Ce**. This second explanation does not fit into the
sequence of events leading to the hole’s appearance, set-
ting the laser in resonance with the lower-energy Na™
lines for several hours during site-selective emission
scans, followed by the appearance of the spectral hole at
the O, site’s energy. A tunneling process in which the
electron never enters the conduction band cannot be
ruled out by our experiments. Such tunneling is expected
to be negligible, however, since the centers involved are
far removed from each other. Finally, another ground-
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state process should be mentioned. A migration of excess
interstitial F~ ions to pair with uncompensated Ce** 0,
ions could occur, since the F~ ion is mobile in fluorite
lattices at room temperature. This process is ruled out
since the spectral hole at the Ce** O, absorption energy
did not occur until the sample was exposed to laser light.
Earlier absorption measurements showed no hole.
Assuming the photoionization model to be correct, a
striking feature of the observed spectral changes is the
site selectivity of the trapping. The remotely compensat-
ed, cubic Ce** ion is a much more efficient electron trap
than the Ce**:Na™ pair sites. While a careful study of
hole-burning efficiency has not been conducted, the cubic
Ce’* site is at least 20 times more efficient a trap than the
various Ce**:Na™ pairs based on line-intensity changes.
Closely related observations in Ce>":CaF, singly doped
samples have been reported very recently by Pogatshnik
and Hamilton.?>? These workers found that following
room-temperature excitation of the 4f —5d Ce>" transi-
tion at 308 nm, bleaching of the broadband ultraviolet
absorption spectrum of the Ce** C,, F7(100) center and
the production of the characteristic Ce?* spectrum in the
visible and near infrared occurs. This process was shown
to have a stepwise two-photon mechanism?>?® through
careful modeling of the power dependence. These au-
thors report observation of the reverse process, the one-
photon ionization of the Ce?*" product, as well. Photo-
conductivity signals were observed for both cases, excit-
ing the Ce’" and the Ce?’*' bands, confirming that the
electrons are excited into the conduction band.?>?® The
photoconductivity of Ce?* in CaF,, SrF,, and BaF, has
been well characterized by Pedrini and co-workers.?’
These room-temperature results on the most common
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Ce3? site, the C,, F~(100) center, strongly suggest that
the same type of two-photon photoionization is responsi-
ble for the low-temperature spectral changes in the Ce3™,
Na® codoped CaF, crystals. Our high-resolution; low-
temperature work unambiguously demonstrates the
disappearance of remotely compensated, O, Ce3" sites
when charge-compensated Ce** sites are excited. This is
true in both CaF, and SrF, host crystals. This supports
Pogatshnik and Hamilton’s conclusion that O, -symmetry
Ce’" sites are the electron traps in singly doped
Ce**t:CaF,.

The area of the spectral hole, i.e., the total amount of
absorption lost in the 32 325-cm ™! region, should be pro-
portional to the number of distantly compensated ions.
This provides another estimate of the part of the parti-
tion function due to these ions. From its appearance in
Fig. 5 the area of the spectral hole gives an even smaller
ratio than the estimate of the previous section.

Another difference between the 1.8- and 15-K spectra
in Fig. 5 is the presence of hot bands at 32227, 32296.0,
and 32334.2 cm™, less obviously at 32214 and 32 321.4
cm !, and possibly at 32293.5 cm~!. These are seen
most clearly in Fig. 5(b) and are assigned to their parent
bands with information from site-selective emission and
excitation spectra that will be presented in a future paper.
The hot bands are useful for determining ground-state
2Fs,, G energy-level splittings. Manthey also reported
the observation of the first three hot bands.3

B. The F~(100) and F~(111) sites

Figure 6 shows a laser-excitation spectrum of a small
(~200 pum?) zone near the edge of Ce’":Na™:CaF, sam-
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FIG. 6. High-resolution laser-excitation spectrum of sample 4, Ce3*:Na*:CaF,. The spectrum is a composite of three overlapping
scans. Spectrum of sample zone that exhibits zero-phonon lines of the C,,-F~(100) and C;3, F~(111) sites as well as the numerous
Na™ sites. Sample temperature is 15 K.
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ple 4. This zone exhibited zero-phonon lines of intersti-
tial fluoride-ion sites as well as the Na™ lines shown in
Fig. 5. The common tetragonal, C,, F~(100) line at
31922 cm™! and its vibronic sideband are prominent; the
doublet due to the trigonal, C;, F~(111) site at 32058
cm™!is also seen. A hot band from the C;, F~(111) site
is also observed. These energies are tabulated in Table
III and are in agreement with previously published
values.’? Note that reduction of crystal-field symmetry
from O, to C,, does not split the 5de level’s degeneracy.
The C5, F(111) transition is split by 1.4 cm ! due to the
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second-order effect of spin-orbit-coupling mixing of the
5de and 5dt states, combined with the reduction in sym-
metry.2 ‘More remotely compensated C,,-symmetry
centers such as Na*(222) will certainly have unresolvable
splittings. The rising broad band to high energy of the
Na™ lines in Fig. 6 can be understood as the sum of the
vibronic sidebands of the different zero-phonon lines.
The only prominent feature in the broad band is the C,,
F~(100) site’s 486-cm ™}, Alg-type, one-quantum, vibra-
tional level at 32408 cm™~!. This spectrum was taken of a
“fresh,” nonirradiated region of the sample. The appear-
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FIG. 7. High-resolution laser-excitation spectra of sample 5, Ce>*:Na*:SrF,. Peak energies and features are listed in Table IIIL.
All numbered peaks are Na™* sites. (a) Initial 15-K spectrum. (b) Later 15-K spectrum after extensive laser excitation of all prom-
inent peaks. Note the appearance of a spectral hole at 33267 cm™!. (c) 1.8-K spectrum of different piece of same boule.
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TABLE IV. Prominent laser-excitation peaks of Ce:Na:SrF, [the corresponding spectra are Figs.

7(a)-7(c)]. The notation is the same as Table III.

Vacuum ¥ Linewidth FWHM

Assignment (cm™ (cm™")
C., F~(100) 33173 11, 7
Na* line 33191
Na* line 33199
Nat line 1, site 4, C,, (110)? 33204.7 1.3
Na* line 332124
Na* line 1h, site 4, C,, (110)? 33232 5
Na* line 33238.8
Na™ line 2 33240.1 1.3
Na* line 3 322489 1.0
Na* line 4 33254.4 1.5
Na® line 33258.0
Na* line 33259.2
Na™ line 33260.3
Na* line 5(a) 33262.2
Nat line 5(b) 33263.3
Na™ line 5(c) 33265.1, 33266.2
spectral hole, O, site 33267.2 1.9
Na* line 6 33270.0, 33268
Na* line 7 33272.4 0.8
Na* line 8 33274.3 1.3
Na™* line 9 33278.7 1.3
Na* line 10 33286.3
Na™ line 11 33291.6

ance of the very deeply burned spectral hole at 32325
cm ™! in Fig. 6 could then be due to (a) photoionization of
the low-energy sites during the course of the approxi-
mately 2-h scan, or (b) migration of electrons into this re-
gion of the crystal from the previously excited region ~2
mm away. Explanation (a), photoionization of the F~
sites, seems more likely. It is possible these sites lose an

1.00

electron more efficiently than Na™-compensated sites. It
should be stressed that the bulk of Ce**:Na*:CaF, sam-
ple 4 showed excitation spectra with no F~ -site lines. It
is likely that the observation of these lines in a small zone
near the sample edge is due to the presence of the sites
there at the time of growth and heat treatment two de-
cades ago. Any slow movement towards thermodynamic
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equilibrium that might have occurred would be expected
to affect the sample as a whole.

V. EXCITATION SPECTRA OF THE Ce**:Na*:SrF,
CHARGE-COMPENSATION PAIRS

Optical results for Ce*":Na™ centers in the SrF, host
are now discussed. The excitation spectra of Ce3*:Na™
codoped SrF, crystals bear a strong resemblence to those
of the previously discussed CaF, case. Both show ultra-
violet lines from multiple Ce*":Nat pair sites, and after
laser irradiation of these lines, both systems exhibit a
deep spectral hole approximately in the center of the
Na™ line distribution. Figures 7(a)-7(c) show excitation
scans at two different temperatures, 15 and 1.8 K. The
Na* lines are numbered, and the major spectral features
are listed in Table IV. The sample studied had not been
heat treated, and the C,, F~ (100) peak centered at 33 173
cm™ ! is present in all the scans. No samples exhibiting
isolated cubic lines, such as those shown in absorption in
Figs. 4(a) and 4(b), have been studied for Ce? +:SrF2. Nev-
ertheless, it seems fairly certain that the distant Na™
site’s transition energies will converge to the O, value. In
Fig. 7 this occurs at around 33267 cm™ !, and at 1.8 K a
deep spectral hole centered at 33267.2 cm™! is seen in
crystals subjected to laser excitation of the charge-
compensated sites [see Fig. 7(b)]. In light of the results
for the Ce**:Na*:CaF, samples, we conclude that 33 267
cm ™ ! is the energy of the remotely compensated, O, site.
The lowest-energy Na™ peak, line 1 at 33204.7 cm ™/, is
believed to be from the C,, Na™(110) site. These three
sites, C,, F(100), C,, Na™(110), and cubic, are further

1.00
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characterized through the site-selective emission and ex-
citation work which will be presented in a future paper.

All of the transition energies of the SrF, sites are
higher than those of their CaF, analogues. This is ex-
pected for Ce®* in the weaker crystal field of the larger
SrF, lattice, the shift going in the direction of the 5de en-
ergies. The axial crystal fields of the charge compensa-
tors are also weaker by virtue of the larger lattice con-
stant, resulting in smaller splittings. This is evident in
Fig. 7; the lines are more closely spaced than in CaF,.
The shifts away from the cubic line energy are also small-
er. One result of the weaker crystal field is that fewer
sites are able to be characterized unambiguously due to
spectral congestion.

One somewhat odd feature of the spectrum in Fig. 7 is
the breadth of the C,, F(100) center’s line at 33173
cm ™!, With a FWHM linewidth of 11-7 cm™! depend-
ing on the sample studied, it is broader than the other
zero-phonon features. This line was observed at 33 172
cm ™! by both Kaplyanskii and Manthey in singly doped
samples, the latter author reporting a linewidth of 3
cm™~!. Inhomogeneous broadening, as opposed to experi-
mental artifacts, is demonstrated to account for the
linewidth. One manifestation of this is shown by moni-
toring the C,, F~(100) site’s emission while exciting at
different energies within the line profile. The sharp emis-
sion line energies into the *F;,, and *F,,, manifolds are
found to differ somewhat. When one of these energies is
selectively monitored with the high-resolution monochro-
mator, and the excitation spectrum scanned, a narrowed
line profile is obtained. This is shown in Fig. 8 where the
line has narrowed from 7.0 to 1.5 cm™! FWHM. This
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FIG. 8. Observation of excitation line narrowing in the broad C,, F~(100) origin of the Ce**:Na™:SrF, sample. 6.5-cm~! FWHM
line is the broad-band-monitored excitation spectrum. 1.5-cm™! FWHM is the selective excitation spectrum monitoring the sharp
line *F; ,, emission at 322.50 nm only.
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narrowing effect may be termed excitation line narrowing
in analogy with the more frequently employed fluores-
cence line-narrowing experiment it mirrors. Obviously,
not all of the inhomogeneous broadening is removed in
Fig. 8, but it is reduced, with only the subset of centers
emitting strongly at 322.50 nm appearing. The cause of
the broadening remains in question. One possibility is
that some clustering of the C,, F~(100) pair centers
occurs. This proven inhomogeneity must be borne in
mind when the C,, F~(100) emission results, which will
be presented in a future paper are interpreted.

During the investigation of this broadened line, at vari-
ous spots in the sample, spectral holes were burned in it.
These appear as notches in the 33173-cm™! excitation
feature in Figs. 7(a)-7(c), most noticeably in Fig. 7(a) on
the blue side of the peak of the approximately Gaussian
0-0 line. This provides clear evidence of the donor photo-
ionization hole burning in these Ce’"-doped systems.
The other charge-compensated lines, in both CaF, and
SrF, hosts, were not inhomogeneously broadened enough
for the holes to be observed with our approximately 0.7-
cm ™! laser linewidth. Instead, as mentioned earlier,
reduction in line intensity resulted from long irradiation.
The cubic-site acceptor holes appeared, of course, by vir-
tue of the inhomogeneous broadening caused by increas-
ingly remote Na™ charge compensators.

The only apparent hot band in Figs. 7(a) and 7(b) is the
broad peak at 33232 cm ™!, line 14. As will be presented
in a future paper, this is shown to be associated with the
C,, Na*(110) peak, line 1, in analogy with the unusual
Ce’*:Na*:CaF, result. The nonobservation of other hot
bands must be due to the burying of weak features in the
vibronic sideband of the C,, F (100) peak, and to the
overlap of these features with other site’s zero-phonon
lines. Also, the ground-state splitting in the weaker fields
of the SrF, charge-compensator sites is expected to be
less, perhaps requiring lower temperatures than 1.8 K to
quench hot bands in the crowded spectral region around
33267 cm™ L.

VI. CONCLUSIONS

A summary of the main results and conclusions of this
work follows. Suggestions for further work are made.

(1) Multiple Ce**:Na™ charge-compensated sites are
readily produced by doping CaF, and SrF, with CeF; and
an excess of NaF. The absorption lines of these sites are
approximately centered at the uncompensated, cubic
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site’s energy. The pair sites with the closest charge com-
pensation have the lowest transition energies. The
charge-compensation sites observed appear to exhibit a
perturbational trend, with the energy-level spacings of
the more distant sites converging to the values for the cu-
bic center. These Na™ sites predominate over the more
common F sites in samples rapidly cooled from high
temperatures and appear to be in a nearly random distri-
bution. Presumably this will hold true for many other
trivalent rare-earth systems. This gives one the ability to
introduce multiple rare-earth sites, creating inhomogene-
ous broadening at will. The Ce’t Nat charge-
compensated sites in CaF, and SrF, may be classified as
one of the simpler members of an understudied type of
impurity center, the heterovalent center. In the
Ce’",Na™ cases presented here, an optically active ion
(Ce**) was introduced to form multiple centers with an
optically inactive ion(Na™). The Coulomb attraction of
two optically active ions could be used to create impurity
centers with novel optical, charge-transfer properties.
Codoping fluorite-type hosts with an optically active
monovalent species (such as Cut) and trivalent rare-
earth ions would be an obvious first steg in this direction.

(2) The uncompensated, cubic Ce’*-site absorption
line in CaF, and SrF, disappears under nonresonant laser
excitation when other Ce3™ charge-compensated sites are
excited. This is consistent with a mechanism in which
the charge-compensated centers photoionize and the un-
compensated centers act as efficient electron traps. Un-
compensated trivalent rare-earth sites have been long
thought to be electron traps in various studies. This
seems to be explicitly demonstrated in the
Ce’":Na*t:CaF, and Ce’*:Na™:SrF, impurity crystals.
The advantage in the present work is the identification of
the O, site and its presence in the midst of an inhomo-
geneously broadened band so hole burning could be ob-
served. This effect seems related to other observed Ce’*
solid-state photochemistry and photophysics** ™2 and
merits further study.
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