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Optical spectra of two Ce’* impurity centers in CaF, are described. The centers are those with charge
compensation by F~ ions at the two interstitial sites nearest to the Ce>* ion, one site in the direction of a
C, axis of the lattice and the other site in the direction of a C; axis. The ultraviolet absorption and
fluorescence spectra of the first, C,, center are described and analyzed in terms of crystal-field theory. The
four broad absorption bands from the 4/ — 5d transitions are assigned to the e and ¢, levels, and the
splitting in the complete C,, crystal field is used to ¢ :termine the 54 crystal-field parameters. From
first-order 4/ and 54 wave functions, the oscillator strength of the lowest-energy absorption band is
predicted and is found to agree well with the measured value. The fluorescence spectrum of a
low-concentration crystal of CaF,:Ce** at liquid-helium temperture is described and found to arise mostly
from transitions from the lowest 5d level of the C,, center to the 4f levels as split by the C,, crystal field.
Vibrational sidebands of several of the zero-phonon lines in fluorescence are found to agree in detail with
the vibrational sideband of the lowest-energy absorption line. Six of the seven 4f levels of the C,, center are
assigned, and from them, in combination with g factors of the ground state, are determined the 4/
crystal-field parameters and the exact 4/ wave functions. Transition probabilities predicted from these
quantities agree with the observed line strengths in florescence. A very closely spaced pair of lines near
3118.5 A is observed in some CaF,:Ce** samples and is attributed to the second, C 3, center. Support for
this comes from the comparison of these lines and their hot band with the corresponding absorption in the
oxide-compensated C, center of CaF,:Ce’* and from their behavior under uniaxial stress.

I. INTRODUCTION

Many investigators have published observations
of the behavior of the trivalent cerium ion as an
impurity ion in the CaF, lattice. This system is
an attractive one for study because Ce% possesses
a single optically active electron, whose 4f orbit-
al, like those of the other rare-earth ions, is
acted on only weakly by external fields. The rare-
earth ion readily substitutes for a Ca'* ion of the
lattice, leaving it in a crystalline environment
easy to visualize, with the greatest crystal field
contribution of the lattice coming from the eight
nearest-neighbor fluoride ions.

In contrast to the expected simplicity of the op-
tical properties of the CaF,: ce®* system, close
investigation, in particular of the ultraviolet ab-
sorption at liquid-helium temperatures and high
resolution, presents difficultie , in interpretation.
The multitude of absorption lines in regions where
only one or two are expected indicates that the
system is not as simple as anticipated. These
difficulties have been correctly attributed! to the
simultaneous presence of a plurality of cerium
centers of different site symmetry.

In the cerium centers treated here, charge com-
pensation of the Ce®* substitutional ion is by a close-
lying interstitial F~ ion. Figure 1 shows part of
the pure CaF, lattice, with a Ca*" ion at the origin,
surrounded by eight F~ ions and twelve other Ca**
ions. The lattice constant a is 5.447 A at 77 K. 2

8

When a Ce® ion substitutes for the central Ca** ion,
a charge-compensating interstitial F~ ion can be
inserted, without grossly distorting the lattice, at
(za, 0, 0), at (3a, 3a, 3a), or at any one of an in-
finity of similar, more distant sites. Figures 2
and 3 show the first two of these Ce® centers. The
O, (cubic) symmetry of the Ca** site has been
changed to the lower symmetries, C,, (tetragonal)
and Cj, (trigonal), respectively, of the Ce* sites.

The ultraviolet absorption spectrum of a CaF,
crystal which contains a low concentration of Ce3*
ions as an impurity consists of six or seven broad-
bands between 3390 and 1850 A attributable® to 4f
- bd transitions in the Ce®* ions. Likewise in
fluorescence, the bands observed between 3130 and
3540 A can be attributed to 5d — 4f transitions in
the Ce® ions. The cerium center responsible for
most of these bands (see below) is the C,, center
of Fig. 2, or, more precisely, a C,, center differ-
ing from that in Fig. 2 only by small displacements
of some of the ions, which do not alter the symme-
try.*

Interpretation of the absorption spectrum of the
C,, center in terms of its crystal-field splitting of
the 5d orbital has up until now not been entirely
satisfactory, and therefore this paper will reexam-
ine this problem. New observations will also be
reported of the fluorescence of the C,, center, and
from them the crystal field acting on the 4f orbital
will be worked out.

Among the numerous sharp lines that occur in
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FIG. 1. Structure of the CaF, lattice, showing that the
Ca** sites have O, symmetry. The eight nearest-neigh-
bor F- sites and the 12 next-nearest-neighbor Ca* sites
are shown.
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FIG. 2. C,, center of CaF,: Ce®*. The Ce** ion sub-
stitutes for a Ca** ion, while an interstitial F~ ion at
(approximately) the center of one of the nearest empty
cubes of lattice F~ ions reduces the point symmetry of
the Ce® ion to Cy,.
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the absorption spectrum of CaF,: Ce* when the
temperature approaches that of liquid helium, a
pair of very close-lying lines has been observed
in the region of the lowest-energy absorption lines
of the C,, center. Evidence will be presented here
to support the assignment of these lines to the C,,
center with charge compensation by an interstitial
F~ ion as shown in Fig. 3. Later papers in this
series will describe observations and interpreta-
tions of the absorption spectra of other cerium
centers in CaF, with a variety of crystal fields and
site symmetries, in particular those where charge
compensation of the Ce®* ion is by ions other than
an interstitial F~ ion.

II. EXPERIMENTAL METHODS

The samples used in this study were single crys-
tals of CaF, doped with CeF3, grown by the gradi-
ent-freeze method under a flow of a mixture of
0.1-ft3/h helium and 0. 01-ft3/h hydrogen fluoride.
After crystallization was complete, the crystals
were annealed in an atmosphere of hydrogen fluo-
ride. The CaF, was acquired in the form of high-
purity “chips” from the Harshaw Co.

Absorption spectra at liquid-nitrogen tempera-
ture were observed on a Cary 14 spectrophotome-
ter, using a cryostat with fused-quartz windows.
Absorption and fluorescence spectra at liquid-
helium temperatures were observed on a Jarrell—
Ash 3.4-m spectrograph, using the first-order

C,y center

FIG. 3. The Cy,(F;) center of CaF,:Ce®. Here the
interstitial F~ ion is at (approximately) the center of
one of the next-nearest empty cubes of lattice F~ ions,
and reduces the point symmetry of the Ce* ion to Cs,.
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diffraction from an Ebert-mounted 30 000-line/in.
grating.

The exciting light for fluorescence came from a
high-power xenon arc, and then passed through
either a quarter-meter Bausch and Lomb mono-
chromator or a series of filters. Since the emitted
light had to pass through the crystal to reach the
spectrometer, the resonance line at 3131.7 A was
reabsorbed and so does not appear. The emission
was readily detected both photoelectrically and
photographically, but the weakest lines showed up
only on the photographic plates.

For observing splitting produced by uniaxial
strain, a rectangular parallelopiped with top and
bottom {001) faces each about 0.267 cm? in area

was cut from a crystal of CaF,: Ce** (0.003 mole %).

The strain apparatus was essentially the same as
that described by Meltzer® except for being slightly
larger.

III. ABSORPTION OF THE C,, CENTER

Figure 4 shows the absorption spectrum between
3320 and 1850 A of a typical oxygen-free crystal
of low-concentration CaF,: Ce® at liquid-nitrogen
temperature. The six broad absorption bands are
lettered B—G. Crystals contaminated with oxygen
also show a band A, arising from trigonal oxide-
compensated centers, described briefly in Sec. V.

MANTHEY 8

The absorption of CaF,: Ce® has been studied
by Loh, 7 using a vacuum spectrometer to attain
wavelengths as low as 1240 A. He used a series
of crystals with cerium doping varying from
0.005 to 5 mole% and found that the absorbance of
bands B, E, F, and G increased considerably
more slowly with cerium concentration than did
that of bands C and D. From this fact he correctly
concluded that bands B, E, F, and G arose from
a different center than did bands C and D. These
last two bands are usually called cluster bands on
the assumption that they arise from clusters of
two or more Ce® ions.

This leaves bands B, E, F, and G as the absorp-
tion bands of the predominating single-ion Ce®*
center, namely (see below), the C,, center. Their
spacing should be that of the 5d energy levels.
Theory predicts that there are five of these levels,
split by the C,, crystal field and by the spin-orbit
interaction, so that the only remaining degeneracy
is Kramer’s degeneracy. Figure 5 shows the ex-
pected energy-level diagram. Setting aside the
possibility that one of the bands B, C, D, E, F,
or G arises from two overlapping levels, it seems,
therefore, that one level is missing.

The interpretation offered here is that this miss-
ing level is the second-lowest, deGE,,, in Fig. 5,
and that it fails to appear because the correspond-
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FIG. 4. Absorption
spectrum at liquid-nitro-
gen temperature of CaF,:
ce® (0. 01 mole%), re-
corded on a Cary 14, and
showing bands B-G.
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FIG. 5. Energy levels of the 5d orbital of Ce®* as split
by the crystal field of the C,, center plus spin-orbit cou-
pling.

ing transition probability is too small. A first-
order calculation, using the wave functions of the
lowest 4f and the two lowest 5d states, gives the

result that this transition has a strength 0. 04 times

that to the lowest energy level, deGEg,,, corre-
sponding to band B. Attempts were made during
the course of the present experiments to find this
weak band, but they were unsuccessful.®

Loh’s” assignment of bands B, E, F, and G to
the 5d energy levels of the C,, center was in error.
First he assumed that spin-orbit splitting of the £,
energy levels was negligible, with the result that
levels dt,GE,, and dt,E;,,E3,, (see Fig. 5) were
predicted to be degenerate. In fact, however, the
spin-orbit splitting is small only with respect to
the over-all crystal-field splitting, or with the
cubic-field part of it—that is, the splitting of the
e levels from the #, levels. Instead of being negli-
gible, one can expect the spin-orbit splitting of the
t, levels to amount to some 3¢5,~ 1500 cm™; this
splitting should be easy to detect.

Next, Loh identified bands B and E with the two
e levels split by the low-symmetry part of the C,,
crystal field, leaving bands F and G to represent
the ¢, levels. In fact, however, splitting of the e
levels upon reduction of symmetry O,-~ C,, can
confidently be predicted to be almost an order of
magnitude smaller than the splitting, in a crys-
tal field of O, symmetry, of the e levels from the
t, levels. Even the simple point charge model,
which is expected to give too high an estimate of
the low-symmetry part of the C,, crystal field,
predicts only about 6800 cm™! for the splitting be-
tween the deGEj;,, and deGE,, levels of Fig. 5.
This puts them much closer together than the e-#,
separation.

Accordingly, since bands B and E seem much

CRYSTAL FIELD AND SITE SYMMETRY OF TRIVALENT... 4089

too far apart to correspond to the two e levels, it

is more acceptable to assign bands E, F, and G to
the three expected ¢, levels, leaving only band B to
represent one (or conceivably both) of the two ex-
pected e levels. Table I lists the observed positions
of the absorption bands (band A is included for com-
pleteness) along with the assignments of bands B,

E, F, and G to the expected levels shown in Fig. 5.
Details of the analysis of the 5d levels of the C,,
center are presented elsewhere.® This analysis
results in values, also presented in Table I, for

the crystal-field parameter 33 and a spin-orbit
parameter ¢;;, different from the free-ion value®

of 995.6 cm™. Notice that the value of Bj in Table
1 is equivalent to Dg=1700 cm™, considerably
larger than the value found by Loh.”

Manual integration of band B gives an experi-
mental value of the oscillator strength of f=4.30
X103, Using the Hartree—Fock radial wave func-
tions for cerium, !° the predicted value of this
quantity is f=5.86%10"3. The agreement is seen
to be adequate, although the value obtained by
Wagner and Mascarenhas by the method of ionic
thermocurrents!! is about three times as great,
perhaps because of a different distribution of ce®*
ions over centers of different symmetries. Un-
fortunately, agreement between predicted and ob-
served values of f for absorption bands E, F, and
G is considerably less satisfactory. This may
result from the fact that the windows of the cryo-
stat have a fairly high absorbance in this wave-
length region.

At liquid-helium temperature, band B shows a
great deal of fine structure—in particular, a num-
ber of sharp (zero-phonon) lines in addition to the
most prominent one, on the low-energy side of band
B, at 3131.7 A. The other lines may vary in num-
ber and strength from one sample to another.
Accordingly, it has not been possible, except in
the case of the very closely spaced doublet at 3118.5
A observed in some crystals and described in Sec.

TABLE I. Absorption bands of Ce®* in CaF, at liquid-

nitrogen temperature and crystal-field parameters of the
5d configuration of the Cy, center.

Band x (&) o (em™)
A 3290 30390
B 3190 31 340
C 2407 41 530
D 2135 46 820
E 2020 49490
F 1954 51160
G 1873 53370

£54=1305.5 cm™!
Bi=-136600 cm™!
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FIG, 6, Absorption
spectrum at liquid-helium
temperature of a CaF,: Ce®*
crystal, showing line C,,,
DeGEygy, its vibrational
sideband, and other lines
in this region. Thickness
and nominal doping per
mole with CeFj as noted.
Photoelectric recording
from Jarrell-Ash 3, 4-m
spectrometer. Arbitrary
labels have been assigned
to components of the vibra-
tional sideband.
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V and of a few other lines to be described in the
later papers of this series, to determine how they
depend on the conditions of preparation of the crys-
tal. The absorption spectrum at liquid-helium
temperature shown in Fig. 6 has about as few of
these additional lines as are found in any of the
samples studied, while it clearly shows the strong,
sharp line at 3131.7 1?\, representing the zero-
phonon line of band B.

In addition to their earlier work® on this line
and related spectra, Kaplyanskii and his co-
workers used the effects of applied electric fields'?
and uniaxial stress'® to show that it arose from a
center with tetragonal symmetry, and that the
crystal quantum number of both the excited and the
ground state was the same—namely, u =+ 3 (equiv-
alent to our assignment here of the states to irre-
ducible representation Eg,, of group C,,). Ob-
servatioens of the Ze(ﬁnan splitting of the line at
3131.7 A by Crozier also showed tetragonal sym-
metry, although the crystal quantum number of
the upper state was incorrectly assigned.

That the C,, center is the predominating cerium
center in oxygen-free CaF,: Ce® has been unam-
biguously shown by electron-nuclear-double-reso-
nance (ENDOR) measurements, *!° while several
earlier investigations by EPR led to the same in-
terpretation. 18 Theoretical considerations led
Heist and Fong to predict!’ this predominance of
the C,, center at temperatures below 970 K. In
connection with the Cj, center giving rise to the
spectrum described in Sec. V, it may be pointed
out that Heist and Fong’s model predicted that the
second most probable of the ce*: F; centers (F;
is the interstitial F~ ion) would be, at all tempera-
tures, not the one with the second-smallest
Ce®*: F; spacing, but rather that with the third-
smallest Ce®: F; spacing. The latter is a center
of C, symmetry with F; at (a, 3a, 0), which, ac-

cording to this model, predominates over the C,
center with F; at (3a, 3a, 3a).

An attempt was made to detect a hot band of the
line at 3131.7 A by observing the absorption at
greater wavelengths with the temperature slowly
varying from 2.2 to 51.5 K, and at 77 K. That
no such hot band appears suggests that the second-
lowest 4f level of the C,, center lies higher than
50 cm™. Measurement of spin-lattice relaxation'®
indicates that this level ought to lie a few hundred
cm™ above the ground level. Fluorescence also
fails to show directly the position of this level, but
calculations from the positions of the other 4f
levels revealed by fluorescence suggest (see be-
low) that it lies at about 110 cm™,

IV. FLUORESCENCE OF THE C,, CENTER

By exciting oxygen-free CaF,: Ce® crystals at
liquid-helium temperature with radiation in the B
absorption band, fairly strong fluorescence has
been produced in the wavelength region between
3130 and 3540 A. Using the experimental setup
described in Sec. II, attempts were made to find
emission from each of the 5d levels of the C,, cen-
ter. Sufficiently strong emission was obtained,
however, only from the lowest 5d level, the zero-
phonon line of the B band, at 31923 cm™. The
strongest emission occurred when the exciting
light had a wavelength of about 3090 A. Figure 7
shows a microphotometer tracing of a photographic
recording of the fluorescent emission, and Table
II lists the positions of the more important peaks.

Because the spin-orbit splitting of the 4f levels
is expected to be considerably greater than the
crystal-field splitting, the fluorescence is expected
to fall into two wavelength regions corresponding
to the 2F;,, and 2F,,, levels of the free Ce®* ion.
The energy-level diagram for the C,, center ap-
pears in Fig. 8. Two wavelength regions compa-
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FIG. 7. Ultraviolet fluorescence at 2.2 K of No. 677 CaF,:Ce* (0. 003 mole%) between 3130 and 3530 A. Microdensi-
tometer tracing of a photographic plate, The positions of the six zero-phonon lines observed are marked with solid
vertical lines, and the estimated position of the one unobserved zero~phonon line is marked with a dashed vertical line.
Components of the vibrational sidebands of the highest-energy lines in the 2F; /2 and F, /2 regions are labeled to agree
with the corresponding lines in absorption shown in Fig. 6.

rable to those predicted are evident in the ob-
served fluorescence (Fig. 7), where the 2F;,, re-
gion is mainly between 3130 and 3250 A, and the
2F7,2 region is mainly between 3360 and 3525 A.
Separation of the two regions is comparable to the
free-ion value® of 2253 cm™. Several of the fluo-
rescence lines reported here have been observed
before, ® but there has previously been no attempt
to discriminate carefully between purely electronic
bands and vibrational sidebands, nor to establish
the 4f energy-level diagram.

The more apparent features of the spectrum in
Fig. 7 are as follows: In the 2F; /2 region, there
is a strong, structured vibrational sideband follow-
ing the resonance line. The resonance line it-
self, however, is reabsorbed and consequently
fails to appear, since the emitted light passed
through the crystal on its way to the spectrograph.
In addition, in the 2F; /2 region, a strong, fairly
sharp line appears at 3189.5 A. Inthe 2F.,,z re-
gion, besides the vibrational structures, the most
prominent features are two strong, fairly sharp
lines at 3362.5 and 3375.6 A. Other zero-phonon

lines may be found by searching among the compo-
nent peaks of the vibrational sidebands, and these
are described below.

1t is striking that the vibrational sidebands of the
sharp (zero-phonon) lines in emission at 3189. 5,
3362.5, and 3375.6 Z\, as wellasthe reabsorbedreso-
nance line at 3131. 7A are identical to each other in
spacing and (for the most part) in relative strengths
of the several components, and agree equally well
with the vibrational sideband of the absovption line
at 3131.7 A. The correspondence is emphasized
in Figs. 6 and 7 by the labeling of the more promi-
nent components (not a vibrational series) of the
vibrational sidebands of the absorption line at
3131.7 A and the emission lines at 3131.7 and
3362.5 A. This constancy of the vibrational side-
bands is very useful, in that weak lines due to
purely electronic transitions can be picked out of
what would otherwise be a confusing array of peaks.

By this procedure, and by comparing the emis-

sion of crystals of differing cerium concentration,
the 4f energy levels are determined as shown in
Fig. 8. Some observed emission lines, in particu-
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TABLE II. Prominent fluorescence peaks of CaF,: ce® -
- : . Es,, E3 3562 cm
(0. 003 mole%) at liquid-helium temperature. Separations 72 3,
of zero-phonon lines from resonance line (at o) and of
vibrational bands from their origin lines (at o). 2¢ G E, 2440
7 72
2
Zero-phonon lines G E3/2 2307
from C,, center A o - O'f g -0y E, E, 2192
(Fig. 8) &) em?) (em) (em™) V2. "2
*F5/y
GEj;;, (assumed: 3131.7  31923) 0 0
3146. 0 31777 146 Es, Egz 579
3150.7 2 T2
: 2
3151, o} 31730 190 Fo, OBy 110 (est)
3152,1 Es 0
3153.6 31700 223 72
3159.6 31640 283
3164.7 31589 334 FIG. 8. 4f crystal-field levels of the C4, center of
3179.3 31444 479 CaF,: Ce®*, obtained from the fluorescence of Fig. 7.
Es/2Eq)y 3189.5 31344 579
iy \
E\ 2By 3362.5 29731 2192 B}, B}, BS, and BS, using thfe measured energy
(not from Cy, levels as known quantities. Since one of these
center 3370) levels (the second lowest) has not been observed,
GE, 3375.6 29616 2307 add1t1olr;al information in the form o.f measured g
3380.8 29570 161 values™ was employed. The resulting parameters
3384, 5 and wave functions, characterizing the C,, center,
3384, 8} 29535 195 appear in Table V, along with orbital reduction
3386. 0 factors &, and £,. These quantities are analogous
3387.9 29508 223 to the single orbital reduction factor % introduced
GE )y 3390.85 29482.7 2440 by Bleany, ?° and reflect the fact that there is a large
3392.0 29460 271 axial perturbation of the outermost electron or-
3400.9 29395 336 bitals in the C,, center. Another result of the
3417.5 29253 478 analysis is the prediction that the second-lowest
3430.4 4f level, 2Fy,,GE,,;, should lie at 110 cm.
Es5/2E;39 3525 28361 3562 From the wave functions of Table IV new transi-

lar the one at 3370 108, are attributed to Ce®* centers
other than the C,, center by comparing them with
approximate crystal-field calculations of the 4f
levels in the C,, center.

In order to verify the assignments of the lines to
the 4f crystal-field states, the correspondingtransi-
tion probabilities were calculated.® Use of the first-
order (cubic-field) 4f wave functions led to the re-
sults shown under “first-cubic calc.” in Table III,
These values agree fairly well with the observed
line strengths except that the two lines of greatest
wavelength are observed to be considerably weaker
than those predicted. This discrepancy was re-
moved by making a rather complete crystal-field
analysis of the 4f levels of the C,, center.

In this analysis, the 4f wave functions were ob-
tained for the crystal-field states in a field of O,
symmetry. These appear, along with the energies
in terms of B} and BS, in Table IV. The matrix
of the C4, crystal-field operator between these wave
functions was then solved for the parameters B;,

tion probabilities were calculated. These appear
under “exact calc.” in Table III. The two lines of
greatest wavelength are now predicted to be very
weak, in good agreement with observation. The
agreement of the predicted relative strengths of
the other 2F,,, lines, E,/,E;,, and GE;,,, is also
improved. It is interesting in the wave functions
in Table V that the tetragonal perturbation mixes
cubic-field states |2F;,,G+3) and 12F,,,E,,,+3)

TABLE II. Calculated relative line strengths of
fluorescence from the 5dGEj;,, level of the C,, center.

Exact calc. (wave
functions for
observed C,, crystal
field)

00 1.00
04 05
27 27

64 04
40 37
32 02
13 04

First-order calc.
(wave functions
Transition to for O, crystal field)
*F5/y GEy )
GE,,
Es;nEypy
F172 EvjpEvpp

GEy )y
GE,

E;52Ey)2

cooco oo
==}

oo o
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TABLE IV, Energies and wave functions of the j=3
and j:% states of a 4f electron in a crystal field of O,
symmetry.

State Energy Wave function
i=3Esp+d -nBi+ B} Fize-dig+d)
1 LTy\/2,1 1 L5 t/2 1 1
G+3 s 25 P g e ) —z2(3) I3 %3)
2 pd _ 80 pé
7 Bo-mBo
G+3} LIRS AT \ENE T P
4,100 1541721 1 LeTy/2, 1 L
LIVES EBi+ B ORI R SSOES TRAAN L )
=3 Espat 3 Y FEISEDE @35 D)
G+ 13+ %)
2 4
a Bo
G+ 3 s@VHEEDE G5 D)

quite strongly, while it mixes |2F,,,E5,,+3) and
le-,,z G+ 3) to only a very slight extent. The mix-
ing of 12F;/,E5;p%3) and |2F;, E5;,+ %) is also
fairly large.

V. ABSORPTION OF THE C,, CENTER

The differing symmetry of the Ce® center whose
charge compensator is an interstitial ¥~ at (%a,
%a, 3a) makes the problems involved in the treat-
ment of its crystal field quite different than those
encountered in the above discussion of the C,, cen-
ter. Nevertheless, the two centers are so closely
related, forming the first two of the series of
Ce®* : F; centers in CaF,, that it has been decided
to include here what has been detected of the 4f
- 5d transitions of the C;, center. This consists
of the observation, in the ultraviolet absorption of
a few CaF,: Ce¥ crystals, of a very closely spaced
pair of lines around 3118.5 A (32057 cm™), shown
in Fig. 9. A few associated vibrational satellites,
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as well as a hot band and the behavior of the pair
of lines under uniaxial stress, have also been ob-
served.

It is instructive to compare this Cg, center with
the C,, center arising from the presence of an O
ion substituting for one of the monovalent nearest
neighbors of the Ce®" ion, i.e., for a lattice fluo-
ride ion at (fa, %a, ia). See Fig. 10. This center
produces?® the closely spaced pair of zero-phonon
lines in absorption at 3383.5 and 3382. 8 A (sepa-
ration 6.1+0.5 cm™) along with a vibrational
sideband with a moderate amount of structure, and
occurs predominantly in CaF,: Ce®* crystals grown
in the presence of oxygen.

Crystal-field theory explains why the two lowest
5d energy levels of both of these trigonal centers,
corresponding to the e states of a d electron in a
field of O, (cubic) symmetry, are so closely spaced.
On going to the double group O,',, the doubly degen-
erate e states remain degenerate, becoming the
fourfold degenerate eG states. On the other hand,
reduction of symmetry in the single groups 0, - C,,
gives e - e, and thus also fails to remove the de-
generacy of the e states. Only reduction of symme-
try in the double groups produces a splitting,
namely, eG—eGE,;, +eGEg;,. This splitting is
quite small, being a second-order effect depending
upon the combined action of the spin-orbit coupling
and of the lowering of site symmetry. Calculation
of the splitting of the lowest 4f levels, 2F;,,G in
the cubic crystal field, by a crystal field of Cg,
symmetry, into 2F;,,GE,,,+2%F5,,GE,,, shows that
this will also be fairly small. Even though the
splitting is here a first-order effect, its value as
a function of crystal-field parameters is the sum
of two terms of comparable magnitude and opposite

TABLE V. Crystal-field parameters, orbital reduction factors, and wave functions of

the 4f levels of the C,, center of CaF,: Ce®.

B}=339 cm™!

Bj=-2348 cm™

B}=-1734 cm™

B$=990 cm™

B=-1717 cm™!
| 1E5); E3jpt 8)\  /=0.00566 0.29465
15G Es;p+ 3y | [ —0.00597 0. 04463
|3E5/, B2+ 3y | 0.01043 0. 95453
153 GEy = 3) 0.99991  —0.00802

TGE )+ }) ~0.05006 —0.73718
| ;El,z Ey/x 3)|=] -0.02627 0.67542
S5GE ;+}) 0.99840 —0,01919

k,=0.9840
k,=0.9698
0.03418  —0.95498 125G+ 3)
—0.99874  —0.02194 15E;5/5+ %)
0. 03609 0.29574 116+ %)
-0.00615 —0.00863 | +Es/o% 3)
0. 67384 138G+ 3)
0.73696 |3 Ey/p+%)
0.05317 1£G+3)
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g‘ FIG. 9. Absorption
= spectrum as in Fig. 6,
€| Nos78  275mm except that the Cs,(F})
w 30 center was present in the
S 0003% Ce crystal, producing the
g doublet observed at
@ 3118,5 &,
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‘ 3140 3120 3100 3080
WAVELENGTH  (A)
sign, so that the two states can lie close together LN BN A A I A S R S B
and it will not be obvious which of them is to be
lower.
Figure 11(a) shows the zero-phonon lines at 7.5
K of the lowest-energy 4f- 5d absorption of the
C4,(0%,) center, as the Cy, oxide-compensated
Ce* center will be called in what follows. As the
temperature is gradually raised by the method de-
scribed in Sec. II, hot bands of these lines begin
to appear. They show up most clearly around
35.9 K, and are shown in Fig. 11(b) at that tem- -
perature. From the separation of the two pairs §<d
of lines, the second-lowest 4f level is found to lie c a 7.5K
60.2+0.7 cm™ above the ground state. i
The corresponding lowest-energy 4f— 5d absorp- H
tion lines of the Cg,(F3) center, as the C, inter- =
stitial-fluoride -compensated Ce®* center will be o ﬁ
called in what follows, are always observed super- ]
imposed on the absorption of the C,, center, namely, ;
on the second vibrational peak (V2) following the 'S
zero-phonon line at 3131.7 A. Figure 12(a) shows 4
this very closely spaced pair of lines at 3118.5 A ;‘,
a
o
wn
[a0]
SSIGIO <
b 359K
AU S U B S
3392 3388 3384 3380

C,y center

FIG. 10, The Cy,(0%,) center of CaF,:Ce™, Here an
O ion substitutes for one of the nearest-neighbor lattice
F~ ions, and reduces the point symmetry of the ce®* ion
to Cy,,.

WAVELENGTH (A)

FIG. 11. Absorption spectra of No. 398 Can:Ce3+
(0. 01 mole%), showing the effect of temperature on the
closely spaced pair of lines attributed to the C;,(0%,)
center, The hot bands are separated by 60. 2 cm™! from
the low-temperature lines. Photoelectric tracings.
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FIG. 12. Absorption spectra of (a) No. 678 CaF,:Ce®*
(0. 003 mole%) and (b) No. 398 CaF,:Ce** (0. 01 mole%),
showing the effect of temperature on the very closely
spaced pair of lines attributed to the C;,(F;) center. The
hot band is separated by 33.1 cm-! from the low-tempera-
ture lines; at the higher temperature neither pair is re-
solved. Photoelectric tracings.

at a temperature of 2.2 K, whose separation is
about 0.14 A (1.4 cm™) and whose combined full
width at half-maximum is about 0.19 A (2.0 cm™).
A hot band starts to appear when the temperature
exceeds about 10 K, and at 19.0 K its appearance
is as shown in Fig. 12(b). The hot band lies di-
rectly on top of band VI, and of course cannot be
resolved into its two components. From its sepa-
ration from the low-temperature lines, the second-
lowest 4f level is found to lie about 33.1 cm™ above
the ground state.

Figure 13 shows the four experimentally deter-
mined ei.ergy levels of both of the Cg, centers.
Kaplyanskii and Medvedev’s analysis'? of the elec-
tric field splittings of the lines around 3383 A aris-
ing from the C;,(0%,,) center led them to assign
the levels in the manner shown to the irreducible
representations of the Cg, group. McLaughlan and
Forrester confirmed by EPR?! that the ground
state here belonged to E,,,, and interpreted the EPR
data of Weber and Bierig® to assign the ground
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state of the Cy,(F3) center to Ey;,, as shown in Fig.
13. Combining the resulting reversal in the order
of the two lowest 4f states with the observed rever-
sal in intensity of the absorption lines in Figs.

11(a) and 12(a), the order of the 5d states is deduced
to be the same in the two Cg, centers, and they are
labeled accordingly in Fig. 13.

In order to verify that the lines at 3118.5 A could
arise from a Ce® center of trigonal symmetry,
their behavior under the action of uniaxial stress
was examined. Since strain in any direction other
than one of the three {001) directions will produce
pseudosplitting in a trigonal center, it was de-
cided to apply stress in this direction to simplify
the observations. Figure 14 shows microdensitom-
eter tracings of photographic records of the spec-
tra in the region of interest. The sample, held
below 2.2 K, was subjected to progressively
greater stresses up to 2379 atm, acting along one
of the (001) directions, using the procedure de-
scribed in Sec. II.

The separation of the two lines at zero stress
is seen to increase as stress is applied, while no
definite splitting can be detected. The right-hand
line of the pair in question shifts to the left only
by an extremely small amount, too small to be
seen in Fig. 14 or to be measured accurately,
while remaining quite sharp. The left-hand line

ggyz = 32057
GE,,_{6.1t05 '2
Sde GE 172 T 29547
Cay (O:M) Cay (F7)
GE,,, — 60.2 £0.7
2
af °F,,, GE,,,— 33.1
GEyz————O GE,,, 0
a b

FIG. 13. Energy levels of the two lowest 4f states
(ZF5 /2GE3/5 and 2F5 /2GE{/7) and the two lowest 5d states
(eGEs3, and eGEyjy) of the two trigonal centers of
CaF,:Ce*. Wave numbers are given in cm™. (a) The
C,;, center with a substitutional O* charge compensator
at (3a, %a, a). (b) The C;, center with an interstitial F~
charge compensator at (3a, 3a, %a).
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FIG. 14, Effect of uniaxial strain along a (001) direc-
tion on the sharp lines near 3118.5 A, Separation of the
two lines increases with strain, but neither line unambig-
uously shows any further splitting. The broadbands
around 3122 and 3116 & are vibrational satellites of the
sharp line at 3131.7 A. Microdensitometer tracings of
photographic records of the absorption spectrum of No.
677 CaF,:Ce* (0. 003 mole%) at 2.2 K.

shows a decided shift to the left, at a rate of about
1.63x10"° A/atm, before becoming too diffuse to
be detected above a stress of about 2000 atm. The
slight appearance of splitting at stresses above
about 1100 atm, especially in the left-hand line,
presumably results from experimental error, such
as slight imperfections in the flatness or parallel-
ness of the faces of the crystal, or rotation about
a horizontal axis of the steel anvils pressing on
the crystal. Broadening of the C,, line at 3131.7
A shows that such processes can be quite strong
here. This line should show a pseudosplitting
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under uniaxial stress along a (001) direction into
two components, with the component to the left
about one-half as strong as its partner. The fact
that this splitting is not as distinct as Kaplyanskii
and Medvedev observed'* indicates that some ex-
perimental error is probably acting here.

Although it would be preferable to examine the
action on the lines at 3118.5 A of uniaxial stress
in other directions, the observations described are
probably consistent with their assignment to a cen-
ter of trigonal symmetry. This observation, along
with the intensity of the lines, their position, and
their very small separation, supports the belief
that they originate in the C;, center illustrated in
Fig. 3.

V1. SUMMARY AND CONCLUSIONS

The general problem under study is how the CaF,
crystal interacts with the Ce®* impurity ions in-
troduced into it. That is, one uses the CaF, as the
source of a crystal field perturbing the electronic
states of the Ce®* ion, and from these perturbations
one gains insight into the nature of the interaction.
Much of the required investigation concerns the
assignment of particular spectral lines to particu-
lar cerium centers. The present paper deals with
the centers where the host lattice is strongly af-
fected not only by the Ce®* impurity ion, but also
by a nearby interstitial F~ ion lying in the direction
of either one of the C, or one of the C, axes of the
host crystal, and with Ce3*-F; separation of ap-
proximately a or %ﬁa, respectively. A future
paper will describe the spectra of other centers,
including the cubic Ce® center in CaF,, where
only the almost undisturbed CaF, lattice ions are
responsible for the crystal field, which is, as a
result, at its simplest and most symmetric. Com-
parison of this crystal field with those of centers
with lower symmetry elucidates the action of the
charge compensators involved.

Here we have examined first the absorption bands
of the Ce®*: F; center of C,, symmetry in order to
correlate them with its 5d energy levels. The
splitting, by the cubic part of the C,, crystal field,
of the 5d states into e and f, states is seen to ’
amount to about 17000 cm™. Further splitting of
the #, states by the low-symmetry part of the C,,
crystal field gives rise to the E, F, and G bands.
Even though only one of the expected two e levels
can be identified, it is possible to compute the re-
sults given in Table I, namely, a partial set of
crystal-field parameters of the C,, field, along
with a spin-orbit parameter different from its free-
ion value.

The calculated value of B}= - 36600 cm™!

=-21Dq) compares quite favorably with Loh’s
value® for CaF,: Eu** of Bi=- 35700 cm™. The
Eu™ ions in that system probably occupied sites of
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cubic symmetry. Agreement is also good with the
value found? for CaF,: Ce** of Bj between — 16 800
and 42000 cm™!, but not with Loh’s result’ of B}
=—25200 cm™! for the system under consideration
here, the C,, center of CaF,: Ce®.

Also reported here is a complete emission spec-
trum at liquid-helium temperature and at high
resolution from a crystal of low cerium concentra-
tion, and accordingly arising predominantly from
the C,, center. Lines attributable to purely elec-
tronic 5d — 4f transitions of this center have been
picked out of the considerable amount of fine struc-
ture thus obtained, so that energy levels have been
assigned to six of the seven 4f states.

Using these energies, along with some EPR
data, it has been possible to solve completely the
crystal-field problem for the 4f levels of the C,,
center. One thus obtains the crystal-field param-
eters, orbital-reduction factors, and wave func-
tions of Table V. A check on the reliability of
these quantities, and on the assignments of the en-
ergy levels to specific crystal-field states, is pro-
vided by comparing calculated transition probabili-
ties with the observed line strengths. This com-
parison is illustrated in Table III, where it can be
seen that the transition probabilities calculated
from the “exact” wave functions represent at least
a great improvement over those calculated from
the first-order wave functions in Table IV.

In particular, the complete calculation substan-
tially increases the predicted strength of the transi-
tion to the 2F;/, Ey/, E;,, level—by about 60%—
while those to the 2F;,,GE,,, and 2F;,,E5;3E /5, lev-
els are substantially reduced—by about 90 and 70%,
respectively. The predicted transition probability
of the transition to the 2F; 12GEy,, level, represent-
ing the line which has not been observed, remains
just about as small. The agreement is good
enough on the whole to lend considerable support
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to the assignments of the lines in Fig. 8, and there-
by to the proposed solution of the crystal-field
problem.

Finally, arguments have been given for the as-
signment of the pair of lines at 3118.5 A to the
lowest-energy 4f— 5d transitions of the Cg,(F7) cen-
ter of CaF,:Ce® as shown in Fig. 3. This assign-
ment is supported by the observed behavior of the
lines under a uniaxial stress along a {001) direc-
tion, but even more strongly by the comparison of
these lines and their hot bands with the correspond-
ing absorption of the Cy,(0%;,,) center of CaF,

: Ce®.

Absorption spectra will be described in later
papers of this series of Ce® impurity centers in
CaF, other than the C,4, and Cg, centers with inter-
stitial- F™-ion charge compensation. Although no
attempt has been made yet to observe fluorescence
from these other centers, it would be very infor -
mative and not particularly difficult to do so. Tran-
sitions in these other centers are presumably re-
sponsible for the sharp lines reported here in
fluorescence at 3314.3, 3316.0, 3370, and 3509.0
A, noticeable for the most part in crystals of
higher cerium concentration. Comparison of the
fluorescence from a series of crystals of increas-
ing cerium concentration would be especially
valuable.
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