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Spectroscopy and upconversion of CsC18r3.pr +

1 AUGUST 1994-II

J. Neukum, N. Bodenschatz, and J. Heber
Institute ofSolid State Physics, Technical University ofDarmstadt, 64289 Darmstadt, Germany

(Received 23 February 1994)

In CsCdBr3 the trivalent Pr ions substitute the divalent Cd ions. Charge compensation leads to Pr va-

cancy centers. By selective excitation and fluorescence spectroscopy and by annealing the crystals, three
different Pr centers could be identified. The first one is the well-known symmetric pair center
Pr'+-Cd + vacancy-Pr'+, the second one is the asymmetric pseudopair center Pr'+-Pr +-Cd + vacan-

cy, and the third one finally is a Pr'+ single ion with a Cs+ vacancy nearby. Energy-level schemes of all
three centers were deduced from polarized site-selective spectra including the symmetries of the crystal-
field states. Only the Pr'+-Pr'+-Cd'+ vacancy center showed upconversion emission from 'Po and 'P,
under pulsed 'D2 excitation.

I. INTRODUCTION

CsCdBr3 is a very interesting host material for study-
ing pair efFects between rare-earth (RE) ions. It crystal-
lizes in the hexagonal CsNiCl, structure'2 with chains of
confacial (CdBr6} octahedra arranged along the three-
fold crystallographic axis and separated by Cs+ ions.
The trivalent rare-earth (RE) ions easily substitute the di-
valent Cd iona. This fact requires charge compensation.
In the quasilinear crystal structure of the Cd + chains
the number of possible configurations for charge compen-
sation is very limited. This leads to a restricted number
of Pr + centers. We could identify the following three
centers (Fig. 1):

(i) Thea center: Pr +-Cs+ vacancy.
The site symmetry of the Pr + ion is Cz with the mir-

ror plane containing the threefold crystallographic axis.
This center of low symmetry has been found by electron
paramagnetic resonance (EPR}experiments, too.

(ii} The b center: Pr +-Pr +-Cd + vacancy.
Since both Pr + sites are crystallographically not

equivalent we have to deal with a pseudopair. The site
symmetry of both Pr + ions is C3„. This asymmetric or
pseudopair center has already been proposed in the litera-
ture for other RE ions in CsCdBr3 as for Nd +, Er +, '

and Ho +. In all these cases the b center has been de-
scribed as a minority center of little interest. In our ex-
periments on Pr +-doped CsCdBr3 it turned out to be the
only center giving rise to upconversion emission. The ex-
citation lines for upconversion have been found already
by Ramaz et al. , but have been interpreted as belonging
to the symmetric pair center Pr +-Cd + vacancy —Pr +

called the c center by us. Upconversion by the asym-
metric pair center has yet been identified only by us for
Pr + (Ref. 9) and by Goldner and Pelle for Er +, in the
latter case by broad-band laser excitations covering the
slightly different frequencies of the pair partners.

(iii) The c center: Pr +-Cd + vacancy —Pr +.
This is the "classical" RE center in CsCdBr3 mostly

discussed in the literature and identified by McPherson
and Henling' by EPR experiments on Czd +. Many au-
thors report that about 90% and more of the RE ions
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FIG. 1. Structure of CsCdBr3, its unit cell, and the three
Pr + centers. V =Cd + vacancy, V'=Cs+ vacancy.

enter the crystal as pairs of this type. ' '" Upconversion
is usually reported from doubly excited states of these
symmetric pairs, e.g., for Ho +, ' Tm +, ' and
Er +. ' ' ' ' The upconversion process has been ex-
plained by a phonon-assisted cross relaxation. In our
case of Pr3+ for upconversion by cross relaxation, energy
gaps of several thousands of wave numbers have to be
bridged by the assisting phonons. 9'~ This is unrealistic
keeping in mind that the highest phonon frequencies in
CsCdBr3 are of the order of 160 cm ' (Ref. 18) or,
maybe, 200 cm ' because the crystal consists of heavy
ions only. Doping with 1% Pr + did not change the
known Raman spectra' as found experimentally. '

Therefore we ' proposed another process to be responsi-
ble for the upconversion: cooperative energy transfer
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from the two excited Pr + ions to electronic excitations
of the lattice followed by a relaxation of these excitations
and a back transfer of energy to one of the ions transfer-
ring it into a higher excited state. This cooperative ener-

gy transfer obviously works only for strong ion-ion in-
teraction. Therefore it was found yet only for the asym-
metric b center, where the Pr + ions sit on neighboring
Cd + sites and coupling by direct superexchange via the
Br ions can be expected.

The site symmetry of the single Pr + ions in the c
center is C3„, the total symmetry of the pair relative to its
center is D3d. As long as the Davydov or resonance split-
ting of the two iona is hidden in the linewidth, the spectra
can be analyzed by the single-ion symmetry C3„as done
in this paper.

Section II of the paper describes the crystal growth, ex-
periinental procedure, and equipment. In Sec. III the
three different centers are defined by means of their
crystal-field spectra between the states H4 and 'D2. In
Sec. IV the upconversion emission is discussed and it is
shown that only the asymmetric b center is responsible
for it. In Sec. V we give information about a number of
other states such as Po, P&, and others.

II. EXPERIMENTAL

The crystals were grown from the starting materials
CsBr (suprapur, Merck, Germany), CdBr2, and PrBr3
(both 3N, Cerac, USA). The single crystals were grown
by the Bridgeman technique in a quartz ampoule by
lowering it in a furnace through a temperature gradient
of about 15'C/cm with a speed of about 1 mm/h. The
crystals were not tempered. The distribution coeScient
of the Pr + ions turned out to be greater than unity. So
the Pr + concentration was higher in the lower part of
the crystal as could easily be seen by its coloration. The
concentration of Pr + in the starting material has been
1% of substituted Cd~+ ions. The crystals were of good
optical quality. The crystal structure has been checked
by x-ray diffraction. Powdered samples gave Debye-
Scherrer photographs of good quality and verified the
crystallographic data given by McPherson, McPherson,
and Atwood. i Single crystals did not give satisfactory
diffraction patterns, neither by the Laue nor by the Bragg
method. This demonstrates that our doped crystals did
not have a satisfactory long-range order. A high degree
of disorder in CsCdBr3 due to stacking faults has already
been discussed by Wolfert and Blasse. Furthermore, a
quite strong statistical deviation of the Pr + pair axes
from the macroscopic crystallographic axis by 0, =+1l'
degrees was measured by hole-burning spectroscopy. '

Another interesting feature of CsCdBr3 is its high optical
refractive index and its high birefringence as shown in
Fig. 2. The high refractive index has the consequence
that in a crystal plate only —,

' of the full solid angle is
available for direct escape of the fluorescence emission
out of the crystal. The rest of the fluorescence has to
leave the crystal in a more or less undefinite way after
multiple internal reflections. This together with the high
birefringence of the crystal may be the reason for the rel-
atively poor degree of polarization of the fluorescence
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FIG. 2. Optical refractive index of CsCdBr3 and its
birefringence (Ref. 22).

spectra. This idea is supported by the fact that the ab-
sorption spectra, where the total reflection of the light in-
side the crystal is of no importance, were well polarized.
The excitation spectra showed an acceptable degree of
polarization too.

The fluorescence of the crystals was excited by a tun-
able dye laser pumped by a N2 laser. The spectra were
recorded with a 3m McPherson spectrometer. The
fluorescence signal was detected by a cooled Hamamatsu
R 943-05 photomultiplier in photon-counting regime.
The crystal was immersed in liquid helium at 1.6 K or in
helium gas at 4.2 K. In some cases the fluorescence was
excited by a Spectra-Physics M 380 tunable dye-ring laser
pumped by an argon laser.

III. H4~ —+ 'D2 SPECTRA

DeSnition of the three centers

The three centers were identified by their spectra ac-
cording to the following procedures. First an absorption
spectrum was taken to find the strongest lines and the
spectral region of the H4~'D2 (Fig. 3) absorptions. To
complete the absorption spectrum an excitation spectrum
(Fig. 4) of the total fluorescence was taken giving the
~eaker absorptions, too. After that the dye laser was
tuned on every excitation line and the resulting fluores-
cence spectra were recorded. Three basically different
fluorescence spectra Figs. 5(a), 5(b), and (Sc) were found.
These fluorescence spectra were attributed to three
different Pr + centers labeled a, b, and c. The structure
of these centers was determined later on by group-
theoretical methods and by annealing the crystal. Some
of the fluorescence spectra turned out to be superposi-
tions of two of the basic ones indicating overlapping ab-
sorption lines of two difFerent centers.

To check the classification of the fluorescence spectra
by the three centers, excitation spectra of all fluorescence
lines were taken. As expected we found three basically
difFerent excitation spectra, one for each center.

Now, for every center the polarizations of the best ex-
citation and fluorescence spectra were determined and a
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FIG. 4. Excitation spectra of the total 'D2 fluorescence.
Temperature of the crystal is 4.2 K. The spectral resolution is

shown. The lines belonging to the three different centers are la-

beled a, b, and c. d stands for an excitation line which did not
show a definite fluorescence spectrum. The lines with an aster-
isk are the lines used to excite the pure characteristic fluores-

cence spectra of the corresponding center. Polarizations are la-

beled by o(EJC3) and n(E~~.C3).

group-theoretical analysis was performed. The sym-
metries of the crystal-field components and the selection
rules for electric dipole transition between them are given
in Fig. 3 for C3„. The spectra for the b and c centers
could be analyzed by this symmetry. It is expected for
Pr + ions substituting the Cd + ions and having the
charge compensation by a Cd + vacancy on the C3 axis
(Fig. 1). The resulting energy-level diagrams for both
centers are shown in Fig. 6. The decision which spec-
trum belongs to which pair could be done by optical
bleaching and/or by annealing the crystal at 350'C for 48
h. The asymmetric b center (Fig. 1) is obviously thermo-
dynamically less stable than the symmetric c center. By
annealing the crystal it should be possible to transform
the b center into the c center. Indeed we could find a rel-
ative change of the intensity of the b and c spectra,
whereas the spectra of the a center remained unchanged.
The spectrum which decreased in intensity was attributed
to the unstable b center, the other spectrum which in-
creased in intensity to the stable c center. The same
e8'ect could be achieved by optical bleaching: tuning a
strong laser beam on a b absorption line. The resulting
phonon emission by radiationless transition obviously
transforms the b center into the c center, too. This seems
to be the physical eKect behind the yet unexplained per-
sistent spectra hole burning of the b center transition at
v=17004 cm

The spectra of the a center contain more lines than the
spectra of the b and c centers. This means that this
center has a lower symmetry than the other two. Sym-
metry reduction from C3„offers only two possibilities:

C& and C&. In both cases the degeneracy of the free ion
states is completely lifted and no decision between the
two site symmetries can be made on this basis. But look-
ing at the crystal structure a site of Cz symmetry is very
plausibly made up by a single Pr + ion on a Cd + site
with a Cs+ vacancy in the next neighborhood for charge
compensation (Fig. 1}. Figure 7 gives the energy-level
scheme of the a center based on Cz symmetry.

It is interesting to compare the energy-level diagrams
of the three centers. The energy-level diagrams for the
two pair centers b and c (Fig. 6} are very similar. Com-
paring them with Fig. 3 shows that not all components of
the crystal-field splitting could be found. The energy-
level diagram of the a center (Fig. 7) nicely demonstrates
the level splitting by symmetry reduction: The doubly
degenerate levels I 3 in C3„symmetry split into a I

&
and

a I 2 component in Cz. The similarity of the energy-level
schemes of a11 three centers demonstrates that the
crystal-field splitting is mainly due to the bromium oc-
tahedra around the Pr + ions and that the charge com-
pensation in the second neighborhood does not change
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FIG. 5. Fluorescence spectra which define spectroscopically
the three different centers a, b, and c. For a new crystal the ra-

tio of the intensities of the spectra was about 1:1:0.2, respective-

ly. For the excitation lines see Fig. 4. In case of mixed polar-
izations the first label means the dominant one in this and in all

following figures.

the even part of the crystal field significantly. Interesting
in this context is the fact that the crystal-field com-
ponents of the Pr + ions in the asymmetric b center show
a pronounced doublet structure for the 'Dz state. It is
obviously due to the two di8'erent sites in this pseudopair.
Unfortunately, this doublet structure could not be
resolved for the crystal-field components of H4. The
reason is that the spectrometer used for taking the
fluorescence spectra had a lower spectral resolution than
the tunable laser used for the excitation spectra.

IV. UPCONVERSION EMISSION

Upconversion fluorescence by 'D2 excitation was
found from the states Pp and P&. The population of Pp
takes place dominantly via the P, level by a strong radi-
ationless relaxation as was shown by its fluorescence dy-
namics. ' Because of its short lifetime of some ps the
P& fluorescence is quite weak. The strongest upconver-

sion emissions are due to the transitions Pp~ F2 and
Pp~ H6- All transitions found in upconversion are list-

ed in Table I. The most interesting transition is the one
from Pp:I,~ H4.I 3. Its fina1 level has the energy of

575 cin ' which corresponds to a crystal-Seld component
of the b center. We could not Snd any upconversion
emission which ended on a crystal-field component of the
other centers. This fact suggests that only the b center
shows upconversion. To verify this hypothesis the excita-
tion spectrum of the upconversion fluorescence was taken
and compared with the excitation spectra of the Stokes
fluorescence of all three centers. The result is shown in
Fig. 8. It clearly demonstrates that only the excitation
spectrum of the Stokes fluorescence of the b center coin-
cides with the excitation spectruin of the upconversion.
This proves that only the b center shows upconversion
and that all transitions and levels given in Table I belong
to this center.

Another interesting question is the order of the upcon-
version process. It can be determined by the dependence
of the intensity of the upconversion fluorescence on the
power of the exciting radiation. This dependence is
shown in Fig. 9. It is given for a crystal after three
different treatments. The highest upconversion efficiency
was achieved for the new crystal immediately after the
growing procedure. After a number of experiments with
laser irradiation into the upconverting lines the efficiency
of upconversion decreased gradually. One example for
this effect is shown in Fig. 9 by the curve with the second
highest efficiency. The efficiency of the upconversion
could be decreased further by annealing the crystal for 48
h at 350'C. In all three cases the power dependence of
the upconversion process is quadratic indicating a two-
photon process. Because the order of the process did not
change by the treatments of the crystal we conclude that
the observed decrease in the upconversion efficiency is
not due to a change in the physical process behind it but
simply by a reduction of the number of active centers.
This has been the fingerprint for the assumption that the
thermodynamically less stable b center transforms into
the c center under resonant laser irradiation and under
annealing as discussed already above.

The excitation spectrum of the Stokes Suorescence of
the b center shows an interesting doublet structure al-
ready mentioned. It does not show up in Fig. 8 for lack
of resolution but it is indicated in the energy-level scheme
in Fig. 6. This doublet is actually a pseudodoublet each
level belonging to Pr + ions on two slightly difFerent sites
(Fig. I). This statement is proved by the different Suores-
cence spectra resulting from selective excitation into the
two doublet levels. The best example is the pseudodoub-
let I 3.'D2 at 17004.7, 17006.4 cm '. Excitation into the
lower level results only in Stokes fluorescence as can be
seen in Fig. 5. This fluorescence spectrum was used to
define the b center spectroscopically. But excitation of
the higher pseudodoublet level gives Stokes as well as up-
conversion fluorescence. Both emissions together are
given in Fig. 10. Analogous behavior shows the lower
r, D2 pseudodoublet at 16536.1, 16537.3 cm '. Again
excitation of the lower level gives Stokes fluorescence
only and excitation of the higher level gives both Stokes
and upconversion emission although the latter one is
quite weak. Since this pseudodoublet is the lowest
crystal-field component of 'D2 this behavior is easy to un-
derstand on the basis of energy conservation. For upcon-
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Transition
Wave number
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TABLE I. Fluorescence transitions found in upconversion.
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transfer between the ions is a process of one order higher
in perturbation theory than the direct relaxation within
the same ion because it needs ion-ion interaction in addi-
tion to the ion-phonon coupling.

High-resolution excitation spectra of the Stokes and
upconversion emissions for both I 3 D2 pseudodoublets
are shown in Figs. 11 and 12. In contrast to the other
figures shown in this paper they were taken with the tun-
able dye-ring laser having a cw power of about 300 mW
and with crystals of low concentration (0.2%). Both
figures show nicely the described difference in the excita-
tion properties of the pseudodoublet lines: The lines of
higher energy (16537.3, 17006.4 cm ') show up only in
the excitation spectrum of the upconversion emission
whereas in the excitation spectrum of the Stokes Auores-
cence both pseudodoublet lines are present. But, the ex-
citation lines of the pseudodoublet I, Dz at 16569.5,
16571.7 cm ' behave quite differently. They both ap-
pear in the excitation spectrum of the upconversion as
well as of the Stokes fluorescence with comparable inten-
sities. The reason for this different behavior is not yet
clear to us. In contrast to the other two doublet transi-
tions this one seems to have a stronger ion-phonon cou-
pling: Its linewidth is relatively wide and the quite strong
vibronic sideband belongs to this transition probably, too.
Whether this really is the reason for the different
behavior of this pseudodoublet still remains an open
question.

The vibronic sideband shows a further interesting
feature. It appears much stronger in the excitation spec-
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FIG. 12. The same as Fig. 11, but in the absorption regions
of the lower I 3.'D2 and of the I &. 'D2 pseudodoublets.

trum of the upconversion than in that of the Stokes emis-
sion compared to the electronic transitions. The reason
is obviously that the vibronic sideband originates from
both ions of the pseudopair. Due to the broad linewidth
of the sidebands the laser cannot differentiate between the
two ions and excites both of them. So in contrast to the
electronic excitation lines no energy transfer is necessary
to get both ions excited. This results in the observed
higher eSciency of upconversion in the vibronic sideband
as compared to the electronic lines.

There are two other interesting features in the excita-
tion spectra of the upconversion fluorescence, the absorp-
tion lines at 16593 cm ' and 16601.4 cm ' in Fig. 12
and at 16984 cm ' in fig. 11. These transitions are not
resonant with any transition originating from the ground
state H4, but they originate from the excited state H6
and end up in the states P, and 'I6, respectively. So
they are not due to upconversion by resonant excitation
from the ground state but they are due to excited-state
absorption. The H6~ PI absorptions can be explained
in the following way (Fig. 13): Weak absorptions in the
vibronic sideband of the H4~'D2 transition (Fig. 12) at
16 593 and 16 601.4 cm ' give rise to a small 'D2 popula-
tion, and by successive relaxations 'D2 ~ H6 a weak
population of the H6 level can be built up. From this
level we get initial electronic absorptions from H6 to

PI ~ The P, level can now decay in two ways:
(i) By radiationless relaxation to I'o: The emission

from this level is identical with the upconversion emis-
sion, and therefore the H6~ PI absorptions show up in
the excitation spectrum of the upconversion.
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(ii) By strong cross relaxation with the second ion of
the pseudopair:

P) X H4~'D2X H6+A'cosh . (1)

By this cross relaxation and by the 'D~ ~ H6 relaxations
mentioned above, the level H6 becomes repopulated by
two decay channels. This way the overall repopulation
probability of H6 can be greater than one giving rise to a
self-sustaining excited-state absorption called a photon
avalanche process.

The build up of the initial population for the K6~'I6
absorption at 16984 cm ' (Fig. 11) is harder to explain
than for the K6~ P~ absorptions discussed above be-
cause no vibronic absorptions are present at this frequen-
cy. Whatever the origin of the initial H6 population is,
the resulting H6~'I6 absorption leads to a population
of the P& state by successive radiationless transitions
from 'I6 to P, . From this state the feedback process to
repopulate the starting H6 state is just the same as al-
ready given above.

The energy of the phonon emitted in the cross-

FIG. 13. Relevant energy levels and transitions involved in
the photon avalanche process leading to absorptions from the
excited H6 level. The double arrows indicate the cross relaxa-
tions and the wavy lines radiationless transitions. The broken
line symbolizes all possible direct and indirect transitions
'D, ~'0, .
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FIG. 14. Excitation spectrum of the total Quorescence in the
spectral region of the H4~ Po absorption. The lines with an
asterisk were found in absorption, too. The spectrum is m polar-
ized only. v~h denotes the phonon frequencies of the vibronic
sidebands.

V. OTHER EXCITED STATES

There are two states higher in energy than 'D2 which
show fluorescence and are of further interest: 3PO and

P, (Fig. 3). Both states could be found in absorption and
in excitation spectra. The excitation spectra give more
details because they show weak absorptions more pro-
nounced. Figure 14 shows the excitation spectrum of the
total fluorescence in the spectral region of the Po absorp-
tion. The most prominent line has a doublet structure.
The energies are 20 386.7 and 20 388.3 cm '. The line at
20388.3 cm ' was found in upconversion as a fluores-
cence line, too. From this we can conclude that it be-
longs to the b center which is responsible for the upcon-
version. The origin of the other line could not be
identified in detail. Selectively excited fluorescence spec-
tra from both lines could not really be taken because their
separation is almost identical with the linewidth of our
laser. Changing the excitation frequency within the dou-
blet gave almost identical fluorescence spectra. Identical
fluorescence spectra were found too by tuning the laser
on all the other small absorption lines shown in Fig. 14.
The origin of the narrow lines, probably electronic ones,
is not yet clear to us. The broader lines obviously are vib-
ronic sidebands belonging to the strong doublet. They
show up much stronger relative to the electronic transi-
tion in the Na+-Pr +(10:1}co-doped sample, where in ad-
dition to some specific Na-Pr lines only transitions be-
longing to the b center could be found. The vibronic line
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at v h=162 cm ' is due to the A, lattice mode, the
strongest line found in Raman scattering. ' The vibronic
line at vph 202 cm ' demonstrates that the phonon
spectrum in CsCdBr3 obviously extends up to this energy
possibly due to polar modes which are not Raman active.

The symmetry of the Pp state and of the lowest
crystal-field component of the ground state H4 of all
three centers is I,. So the ~ polarization of the absorp-
tion doublet is consistent with a I &~I, electric dipole
transition for all centers. Exciting the Pp level in the
doublet absorption lines fluorescence was found from the
Pp and 'Dz levels. The Pp~ H4 fluorescence showed

transitions to known crystal-field components of the
ground state of all three centers. This way it is proved
that the absorption doublet at 20386.7, 20388.3 cm
belongs to the H4 —+ Pp transition of all of them. From
this fact it must be expected generally that the Pp
fluorescence due to direct Pp excitation is a superposi-
tion of transitions of all three centers.

The situation is different for the 'D2 emissions by Pp
excitation. Only weak 'D2~ H4 emission was found,
the final levels belonging all to the b sites only. This
finding can be explained by the fact that the energy
difference between Pp and 'D2 is about 4000 cm ', too
much for an effective radiationless relaxation Pp~'D2
by phonons with a maximum energy of about 200 cm
Furthermore there is no resonance for a cross relaxation
with phonon emission either. Because of these arguments
no 'D2 fluorescence should show up at all. But if we as-
sume that a doubly excited POX Po state of the b center
can show upconversion like a doubly excited 'D~ X'D2
state by cooperative energy transfer to a lattice excitation
as discussed above, 'Dz emission can be expected by a
succeeding P, X H4~'D2X H6 cross relaxation. In
this case a weak 'Dz emission can be expected for the b

sites only, as found experimentally.
The state P, is expected to split in a crystal field of

C3 symmetry into a nondegenerate I 2 and into a doubly
degenerate I'& component. This concerns the ions of the
b and c centers. The a center is expected to show addi-
tionally a small splitting of the degenerate component
due to symmetry reduction (according to the results in
Sec. III). According to the selection rules we have to ex-
pect the following electric dipole transitions: (i) a center:
three transitions H4:I,~ P, :2I',+I z, (ii) b center:
one a transition H4.I,~ Pi.I'z, (iii) c center: one 0.

transition H4-. I &~ Pj.I 3. But the excitation spectrum
of the total fluorescence in the spectral region of the P,
absorption shows only one strong electronic line in m po-
larization at 21 046.3 cm found in absorption, too. In
the excitation spectrum we found additionally two much
weaker narrow m transitions as in Fig. 14. They yielded
the same fluorescence spectrum as the strong one. They
are probably due to distorted sites and will not be dis-
cussed further.

This experimental result is very surprising. Instead of
two o. transitions, one for the b and one for the c center,
and instead of three other transitions for the a center, we
find only one strong transition in m. polarization. The
same result was found by Ramaz et al. , ' too. They ex-

plained it by a magnetic I,~I z dipole transition of the c
center. This explanation seems to us quite unreasonable
because of the selection rule EJ=O, +1 for magnetic di-
pole transitions. This rule is neither obeyed by the direct-
ly involved states H4 and P, nor is there any chance for
a strong magnetic dipole transition due to J-J mixing by
the crystal field as one can easily prove by inspecting the
energy-level diagram of Pr + in Fig. 3.

The P, component at 21046.3 cm ' found in absorp-
tion does not show any fluorescence emission at low tem-
peratures. So the other crystal-field component of P& is
expected to be the one lower in energy from which the
P, fluorescence starts. Its position could be determined

to be at 20957.3 cm ' by coincidence of final crystal-field
levels of P& —+ H5, F3 emissions with already known
final levels of Pp emissions to the same states.

Excitation into the P, state results in fluorescence
emissions from P&, Pp, and 'Dz. The emissions from
the P, state are generally quite weak because of strong
nonradiative transitions P&~ Pp for all three centers
and a strong cross relaxation P& X H4~'D2X H6 for
the b center only. So most of the excitation energy leads
to Pp and 'D2 emissions. The Pp fluorescence spectrum
by P, excitation turned out to be identical with the spec-
trum found by direct Pp excitation, i.e., it contains lines
from all centers. So we have again the situation as for
Po that the excitation line seems to be common to all

three centers within the linewidth of about 2 cm '. For
the Pp state which does not split in the crystal field, such
a common line can be expected but not for the P, state.

So we have two strange results for the P, state: Its
crystal-field splitting seems to be insensitive to the
difFerent crystal fields of the a, b, and c centers and, as
discussed above, the H4..I &~ P& transition at 21046.3
cm ' does not obey the crystal-field selection rules. The
reason for this is not yet understood. Crystal-field theory
obviously cannot explain the results. One possible ex-
planation could be that the coupling of the P, state to
the lattice excitations, probably excitons, responsible for
the upconversion is strong enough with respect to the
crystal field to break the symmetry selection rules for op-
tical transitions and to quench the differences of the
crystal-field splittings of the three centers. Thus it looks
like the upconversion process and the breakdown of the
selection rules have the same roots. This problem needs
further investigation.

The fluorescence spectrum from 'D2 by P, excitation
is different. The 'Dz ~ H4 fluorescence contains
definitely only transitions belonging to the b center.
From this we can conclude that the other 'D2 emissions
are b transitions, too. The absence of 'D2 emission by ex-

citing P, for the other two centers can be explained in

the following way:
(i) The a center is a single ion center. The level Dz

can be populated only by a radiationless transition
P

~
~ Pp ~ D 2 but the latter one is unreasonable by the

arguments given above (radiative P i ~ 'Dz transitions
can obviously be neglected).

(ii) The c center as a pair center could show in addi-
tion a cross relaxation of the form P, X H4 ~ 'D2 X H6
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TABLE II. Summary of the energy levels found in CsCdBr&.Pr +. Most of the levels were found
from center-selective excited fiuorescence spectra, upconversion included, by excitation into the D2
state. The unidentified levels were found from 'Po emissions excited directly or via the P& state. Since
the corresponding absorption lines have the same energy for all three centers, no selective excitation
was possible, and the emissions could not be attributed to a specific center. Accuracy is about k2
cm '. AV denotes the value found from the photon avalanche process.

State
a-center

energy (cm ')
b-center

energy (cm ')
c-center

energy (cm ')
Unidentified levels

energy (cm ')

H4 0
177.8
315.8
330.5
552.2
561.9
589.9

r,
I q

I')
r,
r,
r,
I2

0
169.5
193.6
323.4
575.0

r,
Ig
r,
I q

I g

0
163.1
312.6
566.6

r,
I g

Ig
I g

Hq

'Kg

2105
2233
2253
2538
2549

4355
4365
4373
4680
4816

2262
2478
2545

4356
4362
4374
4415
4701
4725
4808

2105
2118
2234

AV
I p

r,

2113
2230
2257
2539

4359
4368

2205
2366

4502
4577

F

'F3

5065
5072
5135
5151

6504
6511
6525
6532

5070
5145
5152

I p

I g

r,

5062
5135
5143

5082
5090

6483
6503
6530

Fg

1D 16 523

6890
6934
6941
6948
7148

16536.1 '

16 527.6

6857
6911
7099
7110

3p

3p

16553.6

16 569.5

17001.5

17009.3

20386.7

88.3

20957.3

21 046.3

37.3 .
16569.5 '

72.2 .
17004.7 '

06.4 .
16992.8

all centers

all centers



3546 J. NEUKUM, N. BODENSCHATZ, AND J. HEBER 50

as the b center does. But in the c center obviously, the
lifetime of the P, level is too short and the interaction
between the Pr + ions is too weak to result in a sufBcient
probability for cross relaxation. Since the cross relaxa-
tion is quite eScient for the b centers and since all other
parameters of the phonon-assisted cross-relaxation pro-
cess (like electron-phonon coupling and the phonon spec-
trum of the host crystal} are identical, one must conclude
that the ion-ion coupling in the c center is reduced quite
drastically as opposed to the b center by the vacancy be-
tween the Pr + ions. Based on the experimental results it
is reduced at least by two orders of magnitude or even
more.

A11 energy levels found in our selective absorption and

emission experiments are summarized in Table II. A
number of weaker transitions which could be due to dis-
turbed sites or vibronics are omitted. If it was possible
the levels were attributed to one of the three centers and
their symmetries were given.

Our spectroscopic results have to be compared with
the results of Ramaz et al. ' Most of the levels given
by them were found by us, too. But their interpretation
is basically different from the one given by us. They "did
not see any evidence" for other centers than the Pr +-
Cd + vacancy-Pr + center that we call the c center and
attributed all transitions and energy levels to this center
only. Of course, their interpretation of the upconversion
process is different, too.
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