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Optical Studies of Dy+ - Doped Calcium Fluoride~
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(Received 28 October 1970)

High-resolution thermoluminescence spectra for individual glow peaks, luminescence, and
luminescence excitation spectra at liquid-nitrogen temperature are presented for the CaF2: Dy'
system. A qualitative interpretation of the results is offered and discussed.

I. INTRODUCTION

In a previous paper' from our research group
pertaining to CaF2: Gd', the thermoluminescence
emission was investigated. It was shown that, de-
pending on the crystal-growth conditions and ther-
mal history, rare-earth ions in sites of different
symmetries may be responsible for the emission
even at low (7V 'K) temperatures. In a subsequent
publication, theoretical results were presented.
supporting the interpretation given in the first pa-
per.

In the present work we investigated the CaF2. Dy'
system by means of thermoluminescence techniques
coupled with measurements of luminescence and
luminescence excitation spectra.

It will be evident that here too, as in the case of
the CaF&. Gd" system, the thermoluminescence
probably originates from Dy' ions situated in sites
of different symmetry.

II. EXPERIMENTAL

Crystals used in the present work were obtained
from the Harshaw Chemical Co. (with Dy' concen-
tration of about 0. 1%). The concentration of other
impurities in these crystals was less than 10 ppm.
The experimental procedure for obtaining the gen-
eral glow curve and its spectral distribution were
as described elsewhere' except for the dispersing
instrument which was a grating spectrograph with
a low f number (about 2. 5) and a medium-high res-
olution (better than 0. 5 A in first order). The
x-ray source was a copper-target x-ray tube oper-
ated at 50-kV peak and 14 mA.

Luminescence spectra were taken from non-x-
irradiated crystals in the following way. The ex-
citing light source was a 1000-W xenon lamp. The
light from the lamp was passed through a "Leiss"
double monochromator. The double monochromator
was used to minimize the amount of stray light.
The entrance slit of the double monochromator was
typically set at 0. 3 mm, the middle slit at 0. 35
mm, and the exit slit at 0. 4 mm. The spectral
width of the emerging light illuminating the crystal
was about 40 cm ' in the spectral region of the
experiments. The emitted luminescence was de-

tected by either a photographic plate or an EMI-
type 6256B photomultiplier through the grating
spectrograph set at the proper wavelength region.

In the luminescence-excitation-spectrum mea-
surements, a similar procedure was followed ex-
cept that the wavelength of the exciting light was
changed by mechanically driving the prism tables
in the double monochromator.

III. RESULTS
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FIG. 1. Thermoluminescence glow curve of CaF2. Dy'

crystal x irradiated for 90 min at liquid-nitrogen tem-
perature.

Figure 1 is the glow curve of CaF, : Dy' single
crystals between '77 and 300 'K. Essentially three
main glow peaks appear in the glow curve at 110,
149, and 180'K.

The glow curve in Fig. 1 was obtained from a
crystal that was x irradiated for 90 min at liquid-
nitrogen temperature. The heating rate gras
11 ' K/min.

Figure 2(a) is the microdensitometer trace of
the thermoluminescence emission spectrum in the
"blue-green" region. Identical results in this part
of the spectrum were obtained separately for each
of the three main glow peaks (see Fig. 1). In Fig.
2(b) we present the microdensitometer trace of the
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"yellow" portion of the thermoluminescence emis-
sion. Here again essentially identical results were
obtained separately for all glow peaks between 77
and 300'K.

In Figs. 3(a) and 3(b) we present the microdensi-
tometer traces of the spectral distribution of the
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FIG. 3. (a) The microdensitometer trace of the spec-
tral composition of the "blue-green" luminescence (excited
with light of A. =3515 A) at liquid-nitrogen temperature.
(b) The same as (a) except in the "yellow" spectral re-
gion.
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FIG. 2. (a) The microdensitometer trace of the spec-
tral composition of the thermoluminescence in the "blue-
green" spectral region. An identical spectrum was found
for all the glow peaks (see Fig. 1). (b) The same as (a)
except in the "yellow" region of the spectrum.

luminescence in the blue-green and yellow portions
of the spectrum, respectively. These were obtained
by illuminating thp non-x-irradiated crystal with
light of wavelength in the 3515-A region and at
liquid-nitrogen temperature.

Figure 4 is a direct recorder tracing of the yel-
low luminescence excitation spectrum. An identical
spectrum was obtained for the excitation of the blue-
green emission, except for the group of peaks at
4700 A which naturally appear in the yellow excita-
tion spectrum only. (This band is due to yellow

'

luminescence obtained by illuminating with wave-
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FIG. 4. The excitation spectrum of the "yellow" luminescence obtained at liquid-nitrogen temperature. Labeling of
peaks after Ref. 5.

length corresponding to the blue-green emission. )
Iabeling of peaks is after Dieke. '

- IV, ANALYSIS OF RESULTS AND DISCUSSION

The electron configuration of Dy'3 is 4f' with a
ground state II15 (2 An excited state E9~2 exists
at about 21000 cm '. The observed blue-green
emission, both in thermoluminescence and lumines-
cence, corresponds to the E,~2- H»~2 transition.
Still another excited state 813~2 exists at about
3500 cm"'. As we shall elaborate below, we attri-
bute the yellow emission to the E9~2 +13/2 transi
tion. Both spectra are, of course, Stark split in
the CaF2 matrix. As suggested earlier, "*'the
thermoluminescence in the Cap, : Dy" crystal takes
place in the following way. X rays reduce the Dy'

ion to the Dy' state. The resulting hole is trapped
in a nearby site (trap). Different kinds of such
traps can exist in the crystal with varying activation
energies corresponding to the different glow peaks.
Upon heating the crystal, the hole is released and

it recombines with the Dy' ion to give rise to By'
ion in an excited state. Subsequently the ion relaxes
to its ground state emitting characteristic radiation.
Hence, one expects the thermoluminescence emis-
sion to be characteristic of the triply ionized rare-
earth (RE' ) ion.

The thermoluminescence in CaFs. Dy' was studied

by Kiss and Staebler and later by Merz and

Pershan. Yellow emission in the thermolumines-
cence was not reported by Kiss and Staebler. Nei-
ther was it mentioned in the work of Merz and
Pershan. As mentioned above, we tentatively attri-
bute it to the E9~2- 1113~2 transition. This is sup-
ported by our findings that the luminescence excita-
tion spectra for both blue- green and yellow emissions
are identical in every detail which, we feel, offers
convincing proof that they both originate at the same
excited-state Level, viz. , F9~2. Further, the fact
that illuminating with light corresponding to the
blue-green emission was enough to yield the yellow
luminescence eliminates the possibility for- the yel-
low emission to originate at any level higher than

the E9~2, which leaves the only possibility for it to
b the'E„,-'Il„&,t a

It should be pointed out that there are very many
levels of Dy' above 21000 cm"' but their density
and complexity is so high (see Fig. 4; see also
Ref. 6) that a satisfactory interpretation without a
great deal of additional theoretical and experimental
work seems at present virtually impossible. The
interpretation of levels below 15000 cm seems
now fairly established, however. There was in the
past some confusion because of the near coincidence
of the E9~2 with the II&~2 level, and the E»~2 with
the &.9(2 level.

The crystal field splittings are considerably in-
fluenced by J mixing, and one must take that into
account before any reasonable agreement between
ca,lculated and observed levels can be arrived at.

In view of all these we shall attempt, at present,
to offer only a, qualitative interpretation for our
results.

A comparison between Fig. 2(a) in the present
work and Fig. 6(a) in Ref. 8 shows that essentially
all the lines observed by Merz and Pershan appear
in our spectrum as well with the exception that
their line at 4786 A is composed of two components.
In addition our spectrum includes many more lines
not observed by either Merz and Pershan or Kiss
and Staebler. Accordingly we suggest that the
thermoluminescence spectrum exhibited by our
crystals represents a mixture of both cubic and

possibly sites of lower symmetries.
Careful comparison between Fig. 8(a) in our work

with Fig. 6(b) of Ref. 8 [or Fig. 1(b) ln Ref. 7] re-
veals an almost identical profile with the difference
that our spectrum has perhaps a somewhat poorer
resolution but a considerably better intensity.

Our interpretation here is that since excitation
(see above) took place in a very narrow spectral
range, one can expect that Dy' ions only in sites
of one kind of symmetry (the one that happens to
absorb in that wavelength) would be excited. Ac-
cordingly the lines observed in Fig. 3(a) constitute
a "true" subset of those in Fig. 2(a}.
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In addition, the lines in Fig. 3(b) are observed
to be a true subset of the ones in Fig. 2(b). In other
words we suggest that our luminescence spectrum
is due to the emission of Dy' ions in sites of one-
(lower than cubic) point symmetry. This means
that in accordance with our previous suggestions,

sites of different symmetries can be responsible
for thermoluminescence emission even at tempera-
tures close to that of liquid nitrogen. Attempts to
excite luminescence of Dy" in sites of cubic sym-
metry only were not conclusive due to the very low

intensity of the emission involved.
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The electron paramagnetic resonance spectra of doped KMgF3 single crystals containing
Yb+, Tm+, Er+, Dy+, and Gd+ have been observed at 9 GHz. Cubic symmetry sites have
been identified for these ions and the data indicate that the Yb, Tm ', Er ', and Dy substi-
tute for the sixfoM-coordinated Mg ' ion, but that the gadolinium probably substitutes for a
twelvefold-coordinated K ' ion. Noncubic symmetry sites were also observed for Yb, Ex
and Gd+. Hyperfine structure for the isotopes 7 Yb ~~3Yb 6~7m ' 7Ex ~6 Dy and ~6

Hy

was identified, and in some cases supexhyperfine interactions with the fluorine ligand iona
were obsexved with good resolution.

INTRODUCTION

It is mell known that the. fourth-order term in the
expansion of the crystal-field potential has a dif-
ferent sign for sixfold cubic coordination as opposed
to fourfold, eightfold, or twelvefold cubic coordina-
tions. ~ ' For twelvefold coordinations, the sixth-or-
der term has a different sign than for the other
three types of coordination. These sign reversals
lead to a different ground state for a substitutional
paramagnetic impurity in sixfold coordinations than
for the same ion in the other coordinations. An
electron paramagnetic resonance (EPR) study of
a particular rare-earth impurity ion in cubic crys-
talline environments with different coordinations
mould therefore enable different ground-state res-
onances to be observed for this ion. The cubic
perovskite structure of KMgF, (a0=3. 9V3A) is ideal
for a study of this nature. 3' The structure may be
visualized as K" ions at the corners of a cube mith
a Mg

' ion at the body center and F ions at the
face-center positions. The Mga' ion has six F

nearest neighbors along (100) directions, while the
K' ion has twelve F nearest neighbors along (110)
directions. Assuming that the necessary charge
compensation does not occur nearby, a ra,re-earth
ion residing in a magnesium site would experience
a sixfold-coordinated cubic crystal field; if the
potassium site mere occupied, the cubic field mould
be tmelvefold coordinated. The EPH spectrum ob-
ta,ined for the rare-earth impurity should clearly
distinguish between these tmo types of cubic co-
ordination. Further, any observed superhyperfine
interactions with the fluorine ligand ions would be
an additional aid in determining the impurity site
location. Although the 4f electronic wave functions
are fairly well localized, superhyperfine structure
has been observed in the eightfold-coordinated Qu-
orite structure of CaF~ for Ce~'(4f '), 3 Tb '(4f 8),
Tm '(4f's), 5 and Ybs'(4f' ). Superhyperfine
structure has also been seen for Gds' in CaF3 crys-
tals that have been subjected to strains. Accord-
ingly, me have doped KMgF3 single crystals with
Yb ', Tm ', Er ', Dy ', and Gd ' and observed the


