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A high concentration of a single type of trigonal Er'+ site has been generated in CdF2:Er crystals that

were fired in oxygen subsequent to growth. More than 86% of the noncubic Er'+ sites observed were

found by EPR measurements to be in trigonal sites with g values (g~~
——2.875 and g~=8.344) similar to

those for the C„(II) spectrum examined by Ranon and Low in CaF, :Er. This selective generation of
C 3 (II) sites has permitted an unambiguous determination of the structure of the 'I»,2 ground state of Er'+

ions residing in these sites, using low-temperature optical-absorption and -emission data. The crystal field

splitting of the I»„multiplet in C, „symmetry is in reasonably good agreement with that expected from

the cubic-field approximation of Lea, Leask, and Wolf for crystal field parameters A 4 t', r ) = —226 cm

and A 6 ( r ) =37 cm '. Cd-vapor and water-vapor treatments were found to generate not only the C3 (II)
site, but also a C3,(I) site (g~~

——3.231 and gz
——8.344). Vacuum treatment was found to lead to the C3„(I)

site only. The implications of this study in terms of recently proposed models for oxygen-compensated

(trigonal) rare-earth-ion sites are discussed.

I. INTRODUCTION

Recently, correlated electron paramagnetic res-
onance (EPR) and optical studies of Era' in crystals
of CdF2, space group 0& (Em3m), have permitted
an unambiguous characterization of the orthorhom-
bic (Ca„) Ers' lattice sites that form as a result of
the trivalent rare-earth ion being charge compen-
sated locally with a monovalent cation (Li', Na',
Ag', or K").' Those studies' (hereafter denoted I)
and others were concerned with both the crystal
field and the optical properties of C~„Er3' sites in

CdF&. Similar investigations have been performed
on CdF2 crystals containing Er3' ions in trigonal
sites, and selected results of these measurements,
especially those related to the Er infrared quantum

counter, have been reported elsewhere. The
EPR, optical-absorption, and luminescence results
presented in this paper have allowed the detailed
characterization of a CS„Er ' site, designated Cs„(II),
that was generated by firing CdFz. Er ' crystals
in oxygen subsequent to their growth. In particu-
lar, the structure of the I»&~ ground state of Er '
has been determined for this site. Another C3„
Er ' center, designated C~„(I), was generated by
various different thermal treatments. The experi-
mental details and results are presented in Secs.
II and III, respectively, the crystal field discussion
appears in Sec. IV, and the implications of these
results on recently proposed models for oxygen-
compensated (trigonal) rare-earth-ion sites are
discussed in Sec. V.
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TABLE I. Relative concentration of trigonal Er3' sites
for differently prepared CdP2. Er ' crystals.

Crystal
treatment

Vacuum

Cd vapor
Water vapor
Oxygen

Trigonal Er + sites (%)

C,„(I) C,„(II)

100
67

67
100

Magnitude of the total concentration of trigonal Er '
sites depends upon the particular crystal treatment used
(see text).

B. EPR and Optical Studies

EPB spectra were obtained at 4. 2 K for the mag-
netic field in a (110)crystalline plane using a con-
ventional X-band spectrometer described in I.
Photoluminescence measurements were made at 77
and 4. 2 K. Absorption data were obtained at about
&0 K using a cold-finger Dewar. The procedure
used for both the absorption and luminescence ex-
periments is the same as that discussed in detail in
I.

III. RESULTS

A. EPR

II. EXPERIMENTAL

A. Sample Preparation

It is well established for crystals exhibiting the
fluorite lattice structure that charge compensation
of trivalent rare-earth-ion dopants can be achieved
in a variety of ways. In this study we report re-
sults for Er3' ions in CdF2 single crystals in which
these dopant ions are located primarily in trigonal
sites. All CdF2: Er3' specimens discussed in this
paper contain 0. I-mole%%up ErFS and have been grown
under similar conditions. '7 Four different methods
of sample preparation subsequent to crystal growth
have been employed on specimens approximately
lx3x7 mm: (i) oxygen, (ii) water vapor, (iii) Cd
vapor, and (iv) vacuum treatments. Each of these
techniques has been found to generate trigonal
Er ' sites. The experimental procedure followed
for the water-vapor treatment was nearly identical
to that used for oxygen firing. 4 For the oxygen
treatment, the specimen was fired at 800 C in 1
atm of gas for periods of time as long as 20 h; for
the water treatment, only a partial pressure (- 5

Torr) of water vapor was admitted to the quartz
sample tube, and the treatment duration was re-
duced to about 20 min, again at 800 'C. This pro-
cedure limited the buildup of a CdO coating "on
the crystal surface, which had been found to cause
brittleness in the samples. This cpnductive CdO
coating was removed carefully from water-treated
specimens before making any measurements. The
method of Cd-vapor treatment used in this study
was similar to that commonly employed to convert
certain rare-earth-doped CdF2 crystals to the semi-
conducting state. ' The Pyrex tube containing the
sample and Cd metal was evacuated (-4x10 6 Torr)
prior to being sealed off. The Cd treatment pro-
ceeded at 550 'C for 1 h, after which time the sam-
ple was cooled rapidly to room temperature by re-
moving the tube from the furnace. The vacuum-
treated samples were heated at 550 'C for approxi-
mately 4 h in a vacuum of 4&10 7 Torr before being
quenched.

TABLE II. Relative distribution of Er ' sites after
oxygen-firing CdE2 specimens for different periods of
time.

Oxygen treatment
(h)

Cubic
oa

Er ' sites (%)'
Trigonal" Other

C3y(II) noncubic'

0
3

20

75
58

7
25
80

25
17
13

~Uncertainties in the relative distribution are approxi-
mately +10% of the tabulated values.

"No C3y(I) Er + sites were observed after oxygen firing.
'Symmetry of the "other" noncubic sites has not been

determined (see text).

The angular variation of the EPR spectrum of
CdF~: Er3' samples prepared as described in Sec.
II show the presence of two dominant noncubic Ers'
sites, both with trigonal symmetry. These sites
are designated C~„(I) and Cs„(II), and their relative
concentration after each treatment is provided in
Table I. The magnitude of the totgl concentration
of trigonal Er ' sites depends upon the particular
crystal treatment used and was observed to be the
smallest for the vacuum treatment, increasing pro-
gressively with Cd-vapor and then water-vapor
treatments. The total concentration of Er3' in trig-
onal sites was found to be the greatest for speci-
mens of CdF2 that were fired in oxygen for 20 h.
More than 86%%u&& of the Er~' ions that reside in non
cubic lattice sites of oxygen-fired crystals reside
in Cs„(II) sites (cf. Table II).

The g values obtained in this work for Ers' ions
in O„and Cs„symmetry in CdF~ are summarized in
Table III. For comparison, g values measured for
cubic and trigonal Ers' sites in other fluorite crys-
tals are listed also. ~'1 It is significant that the
C3„(I) and C~„(II) centers in CdF2 and CaF3 have
similar g values, which differ from those of the
single C,„site observed in SrF, and BaF,. The Cs„
site in SrF2 and BaF2 is believed to arise from a
next-nearest-neighbor fluorine interstitial.
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TABLE III. g values observed for Er ' in cubic and
trigonal sites in CdF2, CaF2, SrF2, and BaF2.

Crystal Site symmetry —,
' Trg)

CdFg 0
C,„(I)
C,„(m

6.759 6.759
3, 231 8. 334
2. 875 8. 334

6. 759
6. 633
6. 514

CaF2"

SrF Oz

C3~

6.785
3.30
2. 206

6.803
6. 179

6.785
8. 54
8.843

6.803
7. 054

6.785
6.79
6. 631

6. 803
6.762

BaF2 On

Csv

6.755 6.755
5. 94 7.13

6.755
6.73

'This work. Uncertainties in the g values are + 0. 005.
"Reference 11.
'Reference 12.

The larger g-value anisotropy in CdF2, as in CaF~,
is consistent with both trigonal Er3' sites arising
from nearest-neighbor charge compensation.

The EPB linewidths measured at 4. 2 K for the
CB„(I) and CB„(II) Ers' centers in CdF2 were - 14 and
-21 G, respectively, for the magnetic field parallel
to a (111)crystal axis. No fine structure was ob-
served for any crystal orientation.

In Table II, the relative distribution of O„and
C~„(II) Er~' sites is listed for CdF2 specimens that
were fired in oxygen for different durations. The
tabulated percentages were obtained from the total
integrated-EPR absorption intensity for the mag-
netic field parallel to a (111)crystal axis. It should
be noted that the EPR spectra corresponding to the
"other" noncubic Era' sites varied depending upon
the treatment time; unfortunately, these spectra
were weak and frequently very anisotropic, making
the identification of site symmetry impossible.
Tables I and II reveal, however, that oxygen firing
generates only one type of trigonal center, C,„(II),
independent of the treatment period. In contrast,
both the C3„(I) and C~„(II) centers are present sub-
sequent to water- or Cd-vapor treatment (Table I).

B. Low-Temperature Optical Spectra

The above EPB results have established that a
high concentration of a single type of noncubic Er3'
site is generated by oxygen firing specimens of
CdF2: Er. The selective generation of Er3' sites
has allowed the optical properties of these speci-
mens to be correlated unambiguously with a partic-
ular Er ' site, i.e. , the C~„(II) site.

S3(~+- "Iis (2 Spectra

Low-temperature emission spectra (77 and 4. 2 K)
and absorption spectra (-80 K), obtained for the
S3&~- I&~&2 transition of Er ' in oxygen-fired CdF»

i. e. , CdF2. (Ere', 02 ), have, been, used to deter-

mine the Er' I»&, crystal field splitting. The 'Ss&,
multiplet is the simplest electronic state of Er3',
consisting of two levels in a trigonal crystal field.
The I»&~ ground-state multiplet ha.s eight levels in
Cq„symmetry (cf. Sec. IV). The S3)p- I(5g2
emission spectrum obtained at 77 K is shown in
Fig. 1. Selective excitation studies indicate that
this spectrum originates from at least two different
Er ' sites. The numbered lineshavea I»&2- H, f/p
excitation band centered at 515 rm and have been
attributed to Era' in C~(II) sites. The weaker Ers"
emission lines, the majority of which are observed
in the region 18300+200 cm ', have a I&«2- H»&2
excitation band centered at 520 nm. Most of these
transitions are located at energies corresponding
to lines in the CdF2: (Era', U) emission spectrum
(see Fig. 6 of I). The presence of these additional
emission lines is consistent with the evidence for
Era' in sites other than C~„(II) provided by the EPR
results shown in Table II.

As in the case of Er ' in Ca„symmetry (see I),
several of the broader lines in Fig. 1 may arise
from the vibronic emission associated with the
numbered sharp electronic lines. An analysis of
this aspect of Fig. 1 has not been made.

Luminescence data, obtained for CdF2. (Er~', 0 )
specimens, show that the emission lines designated
by a prime in Fig. 1 disappear at 4. 2 K. The
absorption spectra of these crystals reveal that the
strengths of lines corresponding in energy to emis-
sion lines 1 and 1' are unchanged in cooling the
specimens from 295 to -80 K, while all the other
lines decrease in strength. These observations are
consistent with the fact that there are only two 4S

&z

levels and the upper levels of the I»&& multiplet
are depopulated at low temperatures. Therefore,
the luminescence, absorption, and EPR results
confirm conclusively that the group of numbered
lines in Fig. 1 are produced by one type of Ers'
site, i.e. , the Cs„(II) site.

2. "I»~2 Crystal Field Splitting

As illustrated in Fig. 1, the S3&&- I»&2emission
spectrum arising from Era' in Cs„(II) symmetry
consists of two series of eight lines each. A primed
series 1', 2', . ~ ~, 8' corresponds to transitions
from the upper level, E2, of the S3&& multiplet to
the Z1, Z2, . . . , g8 levels of the 4I~5&~ ground state,
respectively. Similarly, the unprimed series results
from decay of the lower 'S,&, level, El, to the
I,~&2 multiplet. In Table IV, the wave numbers of

the two series of lines are listed, and the energies
E(Zi) in cm are given by the average of (v,—v, ) and

(vier
—vga).

IV. CRYSTAL FIELD

EPR studies of CdF3. (Era', 0' ) crystals indi-
cate that charge compensation of the Er3' ion leads
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FIG. l. Emission spectrum, ob-
tained at 77 K, for the S3/2- I~5/2
transition in CdF2. (Er+, 0 ).
The electronic lines that are num-
bered are identified in the text.
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to the formation of a single type of trigonal site that
accounts for nearly all of the noncubic sites pres-
ent in samples prepare&by oxygen firing. In the
following discussion, the EPR and optical properties
of the C~„(II) Er ' site reported in Sec. III are ana-
lyzed on the basis of a point-charge crystal field
approximation.

For this purpose, the formalism of Lea, Leask,
and Wolf (LLW)'4 has been employed in a ma. nner
similar to that used previously in I to describe
the interaction of the I»/~ ground state of the Er '
ion with the cubic component of the crystal field.
The g values obtained from. EPB spectra of Ers' in
Cs„(II) sites (Table III) suggest that x, a parameter
related to the ratio of the fourth- and sixth-order
cubic field terms, lies between —0. 46 and 0. An

g value within these limits predicts a distribution
of I»/~ energy levels consistent with that obtained
from the S3/2 I»/2 luminescence spectra recorded
in Table IV and depicted in Fig. 1. The parameter
z and the energy scale factor 5', defined by LLW,
have been obtained from the optical data in the fol-
lowing way. From Table IV, it is seen that energy
levels Z2, Z3, and Z4 are separated by -70 cm ~

and lie -360 cm ' below the levels Z5, Z6, Z7, and
Z8. We have assumed that the interaction between
these two groups of levels and the interaction of
either of these two groups with the ground state
(level Z1) is negligible In this appr.oximation, it

is reasonable to use the average E(Zi) for each of
these groups, namely, 98.2 cm ~ for the intermediate
group and 568. 2 cm ' for the upper group, to cal-
culate x and 5'. The values obtained inthis manner,
x= —0. 36 and 5'= 1.67 cm ', are seen to be very
nearly the same as those found in I for the C2„(Ers',
M') center, i. e. , x= —0.36 and W= 1.810 cm '.
The energies predicted from LLW, using these
values of x and 5' are compared with the experi-
mental numbers in Fig. 2, which also shows the

TABLE IV. Crystal field splitting of the I~&/2 ground
state of (Er +, 0 ). E(Zi) were calculated from the lumi-
nescence spectrum of the S3/2 I~5/2 transition at 77 K.

Energy
level

Zl
Z2
Z3
Z4
Z5
Z6
Z7
Z8

—a
V

(cm ~)

18 510.5
18 445. 3
18417.0
18 374. 7

(18 018.0)
17 989.3
17 055. 9
17809.1

18 585. 6
18 519.9
18 492, 4
18 450. 0
18 091.0
18 062. 4

(18 032. 3)
(17889. 7)

E(Zi)'
(cm ~)

0
65. 5
93.4

135.7
494. 6
522. 2
554. 6
701.4

v and v' correspond to the wave numbers in air;
parentheses indicate where uncertainties exist (e. g. , aris-
ing from line broadening).

Uncertainty in E(Zi) is +0.4 cm
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FIG. 2. 1~5~2 ground-state splitting determined experi-
mentallyfor (Er ', 0 ") and (Er ', Li') centers inCdF~and
calculated using the cubic-field approximation of Lea, Leask,
and Wolf (Ref. 14).

results from I for (Ers', Li'). The axial field
for the C3„(II) site is much stronger than for the C&
site, as evidenced by the greater splitting of the
I'8 states in a trigonal field (Fig. 2) and the larger
g-value anisotropy (Table III). Nevertheless, the
cubic approximation is successful in predicting the
relative distribution of the experimentally deter-
mined I,«, energy levels. Using the above values
of z and 5', the fourth- and sixth-order cubic crys-
tal field parameters for CdF2: (Er~', 02 ) are found
to be A4 (y4) = —226 cm ' and As ( y ~) = 3V cm ',
remarkably close to the values found for the Ca„
(Ers', M') site (A4(x ) = —245 cm ~ and As (x~) =40
cm-').

V. MODELS

pie (Ers'-F, -0 ) structure need not form before
the more complex (Er~'-F -04 ) structure; the lat-
ter may be present in as-grown material under
suitable circumstances. Because each of these
two structures is expected to generate a similar
crystal field at the Ers' ion, some uncertainty re-
mains regarding the configuration of the C3„(II) site
generated in CdF2: Er by oxygen firing. In partic-
ular, if the four 0 ions are distributed in the in-
tuitively most obvious fashion shown in Fig. 3(b),
they form a regular tetrahedron on four of the eight
vertices of the cube. The trigonal environment,
then, is seen to be a superposition of the field due
to the tetrahedron of oxygen ions and an axial field
along a (111)direction arising from the single F
ion. Within the framework of the point-change crys-
tal field model, the signs and magnitudes of A4 (r4)
and Ae(r~) (i.e. , the even parity part of the poten-
tial) for a, cube cf eight singly charged fluorine ions
are equal to those for a tetrahedron of four doubly
charged oxygen ions at the same nearest-neighbor
distances. Thus, ~(T~) = x(O„) and W(T, ) = W(O„).
Both of the models for the C~„(Ers', 02 ) site shown
in Fig. 3 appear, therefore, to be consistent with
the results of the crystal field analysis presented
above.

Additional evidence, however, suggests that the

C3„(II) Er ' site may possess the (Er~'-F -O42 )
structure. It is noteworthy that in this study the
C~„(II) Er ' center is generated as the sole trigonal
site only under the controlled conditions of oxygen
firing (see Tables I and II). These conditions are

(a)

02—

More information concerning the nature of the
Cs„(II) Er~' site in CdF2 can be obtained by com-
paring results for rare-earth ions on trigonal
sites in other crystals that have the fluorite struc-
ture. Hanon and Low's" investigation of Ers' in
CaF~ suggests that the g values obtained for the
C3„(II) site in this study arise from the structure
(Er~'-Fv-0 ) depicted in Fig. 3(a). Recent elec-
tron nuclear double resonance (ENDOR) studies
of Yb3' and Ce3' in CaF2 indicate, however, that the
Ca„(Er ', 0 ) site identified by Ranon and Low may
have the structure (Er~'-F -042 ) shown in Fig.
3(b). Moreover, it appears possible that the sim-

02—

F VACANCY

FIG. 3. Possible models for the CS„Er3' sites in
CdF2-. (a) the (Er +-F&-0 ") structure and (b) the (Er +-
F"-042") structure.
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similar to those necessary to obtain the (Er~'-F—
042 ) structure in as-grown (Czochralski) CaF2: Yb~'

and Ces' ' in that a substantial partial pressure of
oxygen is present during growth. In addition, Ranon
and Low's ' technique to form trigonal Er3+ sites
in CaF2 subsequent to growth appears to be closely
similar to that employed on Ce3' and Yb3' in CaF&
where the sites were identified by ENDOR. '5

Therefore, the sequence of centers that result is
expected to be the same, suggesting that Ranon and
Low's C~„(I) site has the (Er~'-F, -O ) structure and
that their C,„(II) site possesses the (Er"-F -04' )
structure. The g values corresponding to the C~„(I)
and Cs„(II) sites in CdF2 (Table II) are very similar
to those obtained for the respective Er3' sites in
CaF, . These results suggest that in CdF& the
Cs„(II) Ers' site has the (Er~'-F -042 ) structure and
that the C3„(I) site possesses the (Er~' —Fv -0 ) or
perhaps the (Ers'-H -042 ) structure. ~5 Both of the
models shown in Fig. 3 should exhibit similar super-
hyperfine structure in their EPR spectra, which
would differ in this respect from the spectrum of the
(Er~'-H -04~ ) center. Unfortunately, the breadth
of the Era' EPR lines (Sec. 111) masked the possible
presence of a doublet structure for the magnetic
field along a (111)direction, which prohibited dis-
tinguishing between the two kinds of sites on this
basis.

VI. SUMMARY

It has been shown that the cubic-field approxima-
tion accounts reasonably well for the luminescence

data arising from Er ' in a trigonal site in CdF~,
especially in that the LLW formalism predicts the
observed distribution of the 'I»~ & ground-state en-
ergy levels. The cubic component of the crystalline
field at the C3„(II) site has been found to be very
similar to that at the C~„site (i.e., the fourth- and

sixth-order cubic terms are approximately the
same for both sites). An axial-field perturbation
along a (111)direction is consistent with the an-
isotropy of the EPR g values, and the magnitude of the
I'8 splittings (see Fig. 2) indicates that the axial com-
ponent of the crystal field is large for the C~„(Er~',
0 ) site as compared to the Cz„(Era', Li') site.

Both of the models for the C~(Er~', 0 ) site shown

in Fig. 3 have been shown to be consistent with the
crystal field parameters. The unequivocal verifica-
tion of the mode of charge compensation must await
an ENDOR investi. gation of the CdF3'. (Er ', 0 )
crystals employed in this study, or of crystals pre-
pared under identical conditions.
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