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The spectral distribution of the thermoluminescent glow peaks at 155, 206, and 333'I and the room-tem-
perature phosphorescence have been measured in CaF2.'Ho+' following x irradiation. The emission comprises
about sixteen lines between 5300 and 5600 A, which arise from Ho'+ in sites of different symmetries. The
relative intensities of groups of these lines change from peak to peak, which suggests that the compensator
associated with the Ho+3 ion becomes mobile at about room temperature.

I. INTRODUCTION

''T is currently accepted that rare-earth ions enter
~ ~ the CaF2 matrix substitutionally for Ca+'. The rare
earth is, however, more stable in the +3 state, so that
charge compensation is required. A number of compen-
sating mechanisms have been observed, which differ
from each other in their local syrrunetries. '

The crystal-field splittings of the energy levels
associated with the optical emission depend on the
symmetry surrounding the emitting rare-earth ion. The
present work is concerned with the optical emission
of CaF2.'Ho+~. Merz and Pershan' have included this
system in their papers pertaining to thermoluminescence
in rare-earth —doped CaF~. In their work they presented
a table of the emission lines they observed exposing a
photographic plate in the spectrograph to the total
emission between liquid-nitrogen temperature (I.NT)
and room temperature (RT). In the present work we
were able to record the emission spectrum of the
individual glow peaks between LNT and 350'K. The
relative intensities of the various emission lines change
from peak to peak in a way which, w'e suggest, may be
an indication that the compensator associated with the
Ho+' ion becomes mobile at about room temperature.
%e have also studied the room-temperature phos-
phorescence and compared its spectral composition to
that of the thermoluminescence.

II. EXPERIMENTAL

The crystals used in the present work were grown
and supplied by the Harshaw Chemical Co. They were
grown by adding HoF3 to pure CaF2 in the melt. The
concentration of Ho+' ions in the crystals is about 0.5%.

Cleaved crystals of about 8)&5)&1 mm were x-
irradiated inside a vacuum cryostat with fused silica
windows, typically for 30 min at LNT. The x-ray tube
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had a copper anode and was operated at 20 k Vp,
10mA. The general glow curve and its spectral composi-
tion were taken simultaneously in the following way. A

photomultiplier, RCA type 1P28, was placed at one
window of the cryostat to allow the total glow to be
recorded. The photocurrent from this photomultiplier
was fed to a Keithley type 410 micromicro-ammeter,
the output of which was recorded by a Varian type
G-28 chart recorder. The opposite window of the
cryostat was brought as close as possible to the entrance
slit of a grating spectrograph, with f number about 2

and resolution of better than 3 A. This spectrograph
was designed and built by Dr. H. I. S. Ferguson of the
Department of Physics, University of Western Ontario.
Between glow peaks the photographic film was moved
so that the spectral composition of each peak was
recorded separately. The heating rate in these measure-
ments was constant and was equal to 11'/min.

The room-temperature phosphorescence was ob-
tained after x-irradiating the crystal at RT, typically
for 1 h. The time-dependent decay and spectral composi-
tion were recorded with the sample sandwiched between
the photomultiplier and the entrance slit of the
spectrograph.

III. RESULTS

The general glow curve of CaF~. Ho+' in the tem-

perature range 77 to 350'K is shown in Fig. 1. The
crystal was x-irradiated for 30 min at LNT. Thermal
activation energies for some glow peaks are given in

Table I. These were calculated by the formula'

E=k To'/zz,

where E is the activation energy, k is Boltzmann's
constant, T, is the temperature of the glow-peak
maximum, and 8 is the high-temperature half-width of
the glow peak (5= Ts—T„where Ts is the temperature
at half-intensity on the high-temperature side of the
peak).

Figure 2(a), 2(b), and 2(c) show the spectral distri-
bution of the emission from peaks (A), (8), and (C),
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333'K has only ten emission lines, while the peak at
155'K has sixteen lines. This suggests that the sym-
metry of the rare-earth ion sites associated with the
333'K peak. is higher, e.g. , cubic, than those sites
associated with the 155'K peak. This may occur in the
following way: After the reduction of the rare-earth
ion to the +2 state, the compensator is no longer
required. At about room temperature, it becomes
mobile, leaving the Ho+' in a cubic environment; on
further heating, the hole is released from its trap and
reoxidizes the Ho+' to an excited Ho+' in a cubic site;
thus one expects the emission above RT to be charac-
teristic of Ho+' in a cubic site, the spectrum at low
temperatures indicating the lower point symmetry
surrounding the rare-earth ion. The possibility that the
compensating ion is only weakly bound, and therefore
relatively mobile, was recognized by Low and Ranon'
in a discussion of their ESR measurements of CaF2. Tm.
Hayes et al. ~ have carried out ESR measurements at
O'K on CaF2'. Ho after x irradiation at room tempera-
ture. The Ho+' ion is diamagnetic, but after irradiation
had reduced some of the ions they observed a resonance
due to Ho+' in cubic sites only. Hayes et al. may well
have observed Ho+2 in cubic site only, because after
x irradiation at room temperature had reduced the
Ho+' to Ho+', the compensator which is no longer
required for local charge compensation, became mobile,
leaving the Ho+' ion in a cubic site even if originally
it was in a site of lower symmetry. Merz and Pershan, '
while not denying the possibility that the compensator
may become mobile, at a relatively low temperature,
favor a different approach. They propose that a/l

thermoluminescent emission in rare-earth —doped CaF~
below RT comes from ions in cubic lattice sites. For
CaF&. Er+' whose spectrum shows similar tendency
to the one observed here for CaF2..Ho+', they suggest
that the extra lines observed below room temperature
are vibronically induced transitions, since the emission
involves a transition where AL= 6J=6, which is
forbidden in the free ion, and remains so in the cubic
field. The present authors, however, have shown that,
at least in the case of CaF~. Gd+', 4 ' rare-earth ions in
sites other than cubic are mainly responsible for the
emission below RT. While the choice of L and J as
good quantum numbers in systems like the one at hand
is open to question, as discussed in Sec. IVD, we
certainly do not rule out the possibility that some of
the observed lines in both the low-temperature and
high-temperature peaks are vibronic in origin.

Comparison of columns 1 and 2 in Table II shows
that the spectra of the two peaks at 155 and 206'K are
not identical; however, the change, i.e., the non-

'%. Low and U. Ranon, in Parumagnetic EesonurIce, edited by
W. Low (Academic Press Inc. , New York, 1963), Vol. 1, p. 167.
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{London) 8I, 317 (1963).

8M. Nerenberg and M. Schlesinger, Phys. Letters 26A, 109
(1968).

appearance of the line at 5440 A in the 206'I peak, is
not sufficient to allow any firm conclusions to be drawn
concerning the cause of this change.

D. Selection Rules

As mentioned in IV C, the optical emission attributed
to a '52~ 'I8 transition involves AJ=d L=6 which is
strongly forbidden in the free ion. It remains forbidden
even in a cubic field, since in the operator equivalent
expansion for a cubic crystal field only the fourth
power of the raising and lowering operators appear.
However, as pointed out in the case of CaF~'. Gd+', 4

the Russell-Saunders coupling scheme is used mainly
for reasons of convenience and the situation is best
described by a scheme intermediate between the L-5
and j-j couplings. Further, recent calculations' have
shown that the terms "cubic field" and "trigonal field"
as used for rare-earth ions in CaF~ must be viewed as a
first approximation only, as it has become clear that in
most cases fields of lower symmetries contribute to the
total crystal field, in addition to the (large) cubic or
trigonal components. Hence the application of selection
rules and the choice of good quantum numbers to
problems as the one at hand certainly need further
study.

E. Crystal Field

It seems interesting to speculate, at this point, on
the general eBect of the crystal field on the energy
levels of the rare-earth ion. It is known, for example ""
that the ground state of the 4f'5d conaguration of the
free Ce+' ion is lowered by the crystal field by about
18 000 cm '. We have indeed pointed out that crystal
fields of lower sylrometry have larger effect on the corre-
sponding energy levels and accordingly the emission
from ions in lower point symmetry is shifted towards
lower energies (see Fig. 3 in Ref. 1). A similar effect
is observed in CaFs'. Gd+' (see Figs. 3 and 4 in Ref. 4);
in particular, the 'P5/2 + 57/Q transition, at tetragonal
symmetry, occurs at a higher energy than the corre-
sponding emission from ions at trigonal symmetry.
In the present case of CaF2'. Ho+' there seems to be a
similar tendency of a total shift of the centroid of the
emission towards shorter wavelengths in the 333'K
emission: i.e., higher symmetry (cubic) and higher
energy (shorter wavelength), in accordance with our
interpretation.

V. CONCLUSION

It has been shown that in CaF2'. Ho+', as in
CaF2. Gd+', ' the thermoluminescent emission at low
temperature might originate from ions in sites other
than cubic. It is a1so most likely that the compensator
may become mobile at about room temperature.
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