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Interaction and energy transfer between divalent Sm ions and CN2 molecular defects in KCl

V. Dierolf
Fachbereich Physik, Universita¨t-GH, D-33095 Paderborn, Germany

~Received 13 April 1999!

We studied the mutual interaction and electronic-vibrational energy transfer processes between divalent
samarium ions and neighboring CN2 molecular impurities in KCl by the highly site-selective technique of
combined excitation-emission spectroscopy as well as by vibrational CN2 luminescence~VL !. We found for
Sm21-CN2 complexes involving just a single CN2 molecule that the spectral shifts of the intraconfigurational
(4 f↔4 f ) transitions are very small, and are about 10 times bigger for the interconfigurational (4f 6↔4 f 55d1)
transitions. No measurable energy transfer from the electronic excitation into the vibrational CN2 stretch mode
takes place for those centers, reflecting the weakly interacting character of the energetically lowest excited5D0

state which belongs to the 4f -electronic configuration. However, for more complex centers which appear for
higher CN2 concentrations and involve more than one CN2 molecule the more strongly coupled 5d-type states
are shifted to lower energy, even below the5D0 state. In this caseE-V energy transfer can be observed by the
appearance of VL.@S0163-1829~99!07941-2#
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I. INTRODUCTION AND BACKGROUND

In the recent past, the interaction and the electron
vibrational (E-V) energy transfer processes between an e
tronic and a molecular defect have been studied experim
tally in various systems1–11 and several theoretical mode
for interpretation have been proposed.12–16The main focus in
these investigations was on those combinations of def
@F-center–CN2, F-center–OH2, Yb21-(CN2)n#, which ex-
hibit strong mutual coupling effects. Common to all the
systems is a relatively strong electron-phonon coupling
the relevant electronic defect states which is reflected in
corresponding Hyang-Rhys factorS ~e.g.,S510–100 forF
centers!. This apparent connection between the coupling
the vibrational modes of the lattice and to those of the nei
boring molecular defect has not been investigated exp
mentally in detail. Especially, electronic states, which a
only weakly influenced by the surrounding ions, have n
been considered. Possible candidates for such investiga
could be the trivalent rare earth ions with their transitio
between well shielded 4f states which have been used
laser-active ions for various applications. Unfortunately, i
in general not possible to introduce those ions into alk
halides in which all the mentioned studies have been car
out. As an alternative, divalent rare earth ions, like Eu21 and
Sm21, may be used which can be incorporated quite ea
and have been well characterized already as individ
defects.17 While the 4f→4 f transitions of Eu21 with CN2

neighbors have been studied by two-photon absorption,18 re-
vealing essentially no interaction effect, we chose for o
investigation the Sm21 ion for which the electronic transition
both among 4f states~intraconfigurational! as well as be-
tween 4f and 5d states~interconfigurational! can be ob-
served in absorption and emission in the visible spectral
gion, allowing a direct comparison.

The excitation-relaxation cycle of an isolated Sm21 defect
in KCl, consisting of the Sm21 ion and a charge compensa
PRB 600163-1829/99/60~18!/12601~9!/$15.00
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ing vacancy as itŝ110& neighbor,19,20 is illustrated in Fig. 1
using schematic energy level diagrams proposed by G
and Baldini.21 After excitation into the 5d-type excited state
and rapid relaxation into the (4f -type! 5D0 state, transitions
into the 7F j states take place, giving rise to a spectru
which at low temperatures (T,15 K) consists of seven
groups of sharp lines stretching from the visible into the n
infrared. Due to the 4f↔4 f character of the transition, th
lifetime is quite long ('10 ms). For higher temperatures
broad emission background with a much higher decay
appears, indicating a thermally activated population o
5d-type state (E) which lies only slightly~0.016 eV for KCl!

FIG. 1. Schematic energy level diagram for the lowest state
~a! isolated Sm21 in KCl, ~b! isolated Sm21 in, e.g., RbI and Sm21

aggregates in KCl, and~c! Sm21-(CN2)n complexes in KCl.
12 601 ©1999 The American Physical Society
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12 602 PRB 60V. DIEROLF
above. Due to its 5d character, this level is fairly sensitive t
changes in the host material and it lies, e.g., for RbI,
NaCl, NaBr, NaI, and CaF2,17,21 even below the5Do state
@Fig. 1~b!#. Under these conditions the emission propert
are altered: The luminescence is spectrally much broader
has already at low temperatures a much shorter radiative
time as well as a high quantum efficiency. These featu
have been used successfully in the CaF2 host material for the
realization of a solid state laser.22

The electron-phonon interaction of the Sm21 in KCl was
experimentally studied by Baldini and Guzzi23 as well as by
Bron and Heller20 who found a significant difference in th
strength and spectral shape of the vibrational sideba
These observations were explained by the difference in
nature of the coupling:24 While the 4f↔4 f transitions exert
only long-range forces causing exclusively~although weak
S'1) interaction with unperturbed crystal phonons, t
4 f↔5d transitions involve also short-range force contrib
tions, causing an interaction with local~impurity-related!
phonon modes (S'5).

Among possible molecular partners for the Sm21 we se-
lected CN2 because for this molecule the vibrational tran
tions are at least partially radiative which allows us to stu
the energy transfer by vibrational luminescence spectrosc
around 5 mm. The described properties make the Sm21-
(CN2)n complex system an interesting model case to inv
tigate the following questions.

~1! Regarding the spectral position and electron-phon
coupling, how are the different types of Sm21 states influ-
enced by the presence of CN2 neighbors?

~2! Can E-V energy transfer originating from the wel
shielded 4f states take place and how is the process alte
when the more strongly electron-phonon coupled 5d states
are involved?

Starting with the description of the sample preparati
the main experimental techniques~Sec. II!, and the presen
tation of the experimental results~Sec. III!, these questions
will be discussed in the final section~Sec. IV!.

II. EXPERIMENTAL TECHNIQUES

The samples we used in this study were grown in
Paderborn crystal growth facility by the Bridgman techniqu
All samples were nominally doped with 0.1% of Sm21 by
adding SmCl2 to the melt. The various concentrations of t
CN2 codopant were determined by absorption measurem
in the infrared. For comparison several samples from
crystal growth laboratory at the University of Utah were e
ployed. In order to achieve a statistical distribution of all t
defects and to keep the number of@Sm21#n aggregates at a
minimum19 we rapidly quenched the sample from 600 °
before we mounted it into a He-flow cryostat and cooled it
T510 K. The expected~and observed! spectral changes in
the optical transitions of the Sm21 induced by CN2 neigh-
bors are very small. Moreover, the formed complexes h
to be distinguished from@Sm21#n aggregates which are a
ways present even in carefully quenched samples.25 For
these reasons we used the very selective comb
excitation-emission spectroscopy~CEES! technique in which
we recorded a large number (.200) of emission spectra at
dense sequence of excitation energies using a 0.85 m do
,
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monochromator~Spex 1402! and a optical multichannel ana
lyzer ~OMA, SI IRY700!. The samples were excited by
tunable dye laser ~Spectra Physics model 375
Ar1-laser-pumped, DCM dye! with the wavelength con-
trolled by a wavemeter~Burleigh WA2500 Jr.!. The spectral
resolution for both emission and excitation was better th
0.1 meV. The whole experimental setup was computer c
trolled to minimize the measuring time. The resulting tw
dimensional~2D! data set of emission intensities as a fun
tion of emission and excitation wavelengthI (lexc,lem) or
energy is best visualized using a contour plot in which lin
of equal emission intensities are drawn. In such a repres
tation, a single emission line excited in a single absorpt
transition appears—similar to a geographic map—as
mountain. This way the optical transitions of defects situa
on different lattice sites or crystalline environments can
identified very clearly, as we will show below.

The vibrational luminescence spectra were recorded
conventional techniques using a LN-cooled InSb detec
mounted behind a 0.25 m monochromator~Spex1675!.

III. EXPERIMENTAL RESULTS

In this work we concentrated on measurements at
temperatures typically aroundT510 K to achieve high se-
lectivity and to avoid the complication of the emission spe
tra by the thermal activation mentioned above.

A. Isolated Sm21 defects

The absorption, excitation, and emission spectra of Sm21

in KCl have been already studied in much detail19 and are in
most aspects reproduced by our own investigations, thus
ing an excellent basis for our study. However, those ear
studies concentrated on very different aspects, so that we
present in the following some additional data relevant
this work. As a first example for the usefulness and sensi
ity of the CEES technique and for comparison later on,
show in Fig. 2 the contour plot obtained from emission sp
tra for a KCl sample which has been doped only with Sm21.
The spectral region shown was selected to include jus
single peak for each center, i.e., the single7F0→5D0 tran-
sition in excitation and the line with highest energy out of t
crystal field split 5D0→7F1 transitions in emission. Henc
each mountain which is found corresponds to adifferentcen-
ter type. The strongest peaks are labeleda andd according to
Ref. 19 where sitea has been identified as the main si
which consists of a Sm21 with a charge compensating catio
(K) vacancy as one of its next-nearest neighbors in the^110&
direction. These two sitesa andd can also be observed easi
in individual emission and excitation spectra as shown
Figs. 2~b!, and 2~c!. A closer look at the combined spectru
reveals at least two more peaks. They are about two orde
magnitude weaker than the main peak. While one of th
(d*) can easily be obscured by the emission from sited, the
other one (n) is well separated but is so weak that it was n
among the reported ones (a-m) in Ref. 19.

The importance of the quenching procedure is reflecte
the emission and excitation spectra for a KCl:Sm21 sample
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FIG. 2. Site-selective spectra of Sm21 in KCl:
~A! Combined-excitation-emission spectrum,~B!
emission spectrum for a broadband excitati
around 689 nm, and~C! excitation spectrum of
emission probed with low spectral resolutio
(702 nm62 nm). The different sites are labele
as in Ref. 19.
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which has been stored several months in the dark at ro
temperature. Under these conditions a center aggregation
take place25 which reveals itself by a drastically change
emission spectrum~Fig. 3, left! which can be observed for
wide range of excitation energies~Fig. 3, right! and which
disappears after the sample is quenched. The emission
sists of a broad background on top of which several gro
~1, . . . ,4! of rather sharp lines are situated. These gro
consist of lines separated by'11 meV. By further spectra

FIG. 3. Emission~left! and excitation~right! spectra of Sm21

for a KCl sample which was stored for several weeks at ro
temperature. The emission was excited at the spectral positio
dicated by an arrow. Inset: substructure for the indicated emis
line. The excitation spectrum was probed in the spectral rang
the inset ('800 nm).
m
an

on-
s
s

expansion~see inset! it becomes obvious that the spectr
lines have an additional substructure. In the excitation sp
trum of the emission probed at around 1.55 eV~800 nm! we
found also a broadband with a substructure between 1.90
~650 nm! and 1.85 eV~670 nm! consisting of one sharp an
few less pronounced maxima which suggests a elect
phonon coupling similar as observed for transitions
5d-type states.

These and the published spectra for isolated Sm21 and
aggregated Sm21 complexes can now be used and compa
to the spectra we obtained in samples which have b
codoped with Sm21 and CN2, allowing a reliable identifica-
tion of Sm21-(CN2)n related centers.
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n
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FIG. 4. Emission spectrum of Sm21-related defects in
KCl:Sm2111.5% KCN excited at 637 nm. Inset: emission spec
excited at 690 nm for samples doped with 0.5% and 1.5% KCN.
samples were quenched from 600 °C just before the measurem
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B. Sm21-CN2 complexes

1. Electronic transitions

In Fig. 4 emission spectra for a KCl sample doped w
both Sm21 and CN2 are shown. For excitation at around 63
nm in the region of the zero phonon line of the Sm21 tran-
sition the emission spectrum looks at first sight just as
one found in samples without CN2. It consists of severa
groups of sharp lines due to emission from the5D0 to the
crystal-field-split 7F j states. In a more detailed picture~Fig.
5!, however, a substructure of the individual 4f 6→4 f 6 tran-
sitions, best seen and indicated with an arrow close to
strongest line within the5D0→7F1 transitions. This sub-
structure is not observed in samples which have not b
doped with CN2 molecules and already suggests the pr
ence of CN2-perturbed Sm21 sites. In Fig. 5 the excitation
spectrum of the emission~probed at the indicated spectr
position! is depicted, showing that the excitation both in t
7F0→5D0 ~indicated by the point! and in the interconfigu-
rational 7F0→5d transition is possible. Again, almost n
differences to the isolated Sm21 can be found.

In order to study the substructure within the5D0→7F j
transition we measured the combined excitation-emiss
spectra for the two different spectral regions of excitat
energy. To allow for a reliable and easy comparison we fi
took special care to perform the thermal quenching bef
measurements identically for the samples with and with
CN2 doping and second we depict in Fig. 6~b! the same
spectral ranges as in Fig. 2. Several new sites (1 –5) ca
found which appear already for lower CN2 concentration

FIG. 5. Excitation and a more detailed emission spectra
Sm21-related defects in KCl:Sm2111.5% KCN excited at 637 nm
The sample was quenched from 600 °C just before the meas
ment. The position of probing and exciting the emission are in
cated by vertical arrows. The vibrational sidebands of
5D0↔7F0 transition are shown expanded for excitation of sitea
and 4 at 1.7984 eV and 1.7980 eV, respectively. The horizo
arrows and the pointd indicate the spectral ranges used in Fig.
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and increase equally relative to the main isolated Sm21 sitea
with increasing CN2 doping. For that reason we believe th
they are unambiguously related to center complexes inv
ing one CN2 molecular ion. Less certain are the sites (6, 7
Especially site 6 could have been missed in Fig. 2 due to
spectral vicinity to sitea. After identification of the different
Sm212CN2 sites also the spectral regions of the oth
5D0↔7F j emission transitions can be investigated by CE
to find the site-specific energies of the7F j states. The spec
tral overlap of the excitation energies for different sites a
less-resolved emission lines in certain wavelength regi
makes a complete assignment impossible, and therefore
the unambiguously identified5D0→7F j transition energies
are listed in Table I. The differences in transition energ
found are all of the order of 1 meV or even less.

Besides the narrow zero-phonon emission lines also
vibrational phonon sidebands observed most pronounced
the 5D0→7F0 emission transitions~shown expanded in Fig
5! can be studied under site-selective excitation and one fi
that the shape and spectral shift do not depend on the ex
site.

In a similar way the excitation energy can be changed i
the range of the interconfigurational transition. The vib
tional substructure~zero-phonon lines! on the low-energy
side of the excitation spectrum is well suitable for our si
selective technique. The resulting contour plot is shown
Fig. 6~a!. Again characteristic peaks for certain combinatio
of excitation and emission energies appear and can be
signed to the different Sm21 sites by comparison with Fig
6~b!. This way the interaction effects for the 4f -
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FIG. 6. Combined excitation-emission spectra of KCl:Sm21

11.5% KCN for excitation~a! in the region of the vibrational pho
non sidebands of the interconfigurational 4f→5d transitions and
~b! in the region of the intraconfigurational7F0→5D0 transition.
The CN2 related sites are labeled with numbers 1, . . . , 7. T
sitesa, d already present in the absence of CN2 are labeled accord-
ing to Ref. 19.
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TABLE I. Spectral positions in eV of various Sm21 and Sm21-CN2 zero-phonon transitions for differen
sites. For the cases no value is given no unambiguous assignment was possible.

Host Sitea Site d Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7

7F0→ 5d 1.946 1.952 - - 1.942 1.945 1.939 1.950 1.942
5D0→7F0 1.7984 1.7986 1.7987 1.7980 1.7980 1.7980 1.7978 1.7984 1.7
5D0→7F1 1.7669 1.7662 1.7670 1.7668 1.7660 1.7658 1.7665 1.7664 1.7

1.7626 1.7650 - 1.7626 - 1.7622 1.7622 - -
1.7587 1.7577 - 1.7586 - 1.7579 1.7582 - -

5D0→7F2 1.7063 1.7067 - - 1.7066 - 1.7061 1.7059 -
1.7020 1.7016 - 1.7021 - 1.7018 1.7015 - -
1.6969 1.6980 - 1.6967 - 1.6964 1.6965 - -
1.6915 1.6929 - 1.6915 - 1.6908 1.6909 - -

5D0→7F3 1.6113 - - 1.611 - 1.611 1.6108 - -
1.6111 - - 1.6108 - 1.6108 1.6106 - -

5D0→7F4 1.5132 - - 1.5131 - 1.5128 1.5126 - -
1.5113 - - - - - - - -
1.5110 - - 1.5109 1.5107 - 1.5102 - -
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and 5d-type Sm21 states with the CN2 can be compared
For the sitesa, d, and 3 –7 the corresponding peaks c
easily be found~indicated by the lines! and the energy of the
corresponding 5d state can be determined~included in Table
I!. The differences in transition energies are about 10 m
For sites 1 and 2 an identification is not possible since
emission energy is hardly distinguishable from the stron
emitting sitea.

While the spectral changes described so far are q
small, much more pronounced effects are found in the em
sion which appears as a background under excitation o
the whole studied spectral range. As an example we sho
the inset of Fig. 4 such a kind of spectra which consist o
very broad band with only very faint sharper features on
of it. The position for excitation (l5690 nm) was chosen
in this case such that it does not coincide with any of
sharp spectral features of the spectra discussed above~Fig.
4!. The emission band is strongly dependent in strength
spectral shape on the excitation position, suggesting a st
inhomogeneous broadening. Most notably, it shifts to low
energy as the excitation wavelength increases. Under C2

concentration variation one finds that it is totally absent
samples not doped with CN2. Under increase of CN2 con-
centration the emission increases superlinear in integr
intensity and shifts to lower energies as well. This behav
shown in the emission spectra~Fig. 4, inset! for two concen-
trations indicates that the Sm21 energy levels are shifting
towards lower energy as the average number of CN2 neigh-
bors increases.

2. Vibrational luminescence

The question if and for which defect typesE-V energy
transfer takes place can easily be checked by measureme
the vibrational luminescence~VL !. In Fig. 7 the VL spec-
trum under excitation at 690 nm is shown. The VL sign
which consist of three main peaks is very weak—at least
order of magnitude weaker than for Yb21-(CN2)n
centers10,4—and could therefore only be detected reliably f
.
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our highest-doped sample (1.5% CN2). By comparison
with the VL spectra from other defect systems lik
Yb21-(CN2)n and FH (CN2)10,1 these peaks can be a
signed to the vibrational transitions of regular unpaired CN2

defects with different isotopical compositions (12C14N,
13C14N, 12C15N). Obviously, an efficient vibrational (V-V)
energy transfer from the initially excited CN2 molecules

FIG. 7. Vibrational luminescence in KCl:Sm2111.5% KCN.
Left: emission spectrum. The corresponding vibrational transiti
are labeled. Right: excitation spectrum of VL. The spectral posit
of excitation and probing the emission are indicated by arrows.
spectral positions for which sharp feature would be expected
indicated with lines.
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which have a Sm21 neighbor to isolated CN2 molecules can
take place similarly to what has been found forFH (CN2)
centers26 and is expected for a fairly high CN2 concentra-
tion. Only the weak peak around 0.250 eV could be a c
didate for VL from Sm21-perturbed CN2. For lower CN2

concentrations for which theV-V transfer should play a mi
nor role the VL signal was too small to be spectrally r
solved. By comparison of the integrated electronic and vib
tional luminescence intensities the quantum efficiency of
E-V transfer can be estimated to be less than 1%.

In order to find out which types of Sm21-CN2 complexes
are participating in theE-V transfer we measured the exc
tation spectrum of the VL. For the spectral range of the d
laser which was used the result is illustrated in Fig. 7~right!
and shows that the VL can be excited over a wide spec
range. No sharp excitation peaks appear, in obvious con
to the spectrum for the electronic emission~shown in Fig. 5
and indicated in Fig. 7 by lines! of the simple Sm21-CN2

sites. Unfortunately, the spectral range we were able to s
is not sufficient to cover the complete VL excitation spe
trum. A measurement at 980 nm showed that even for
low excitation energy some weak VL signal is present. T
VL intensity is somewhat higher in well-aged samples co
pared to the signal found after the sample has been quen
just before the measurements. This indicates that cente
gregation is playing a role. However and in contrast
FH (CN2) and FH (OH2) centers, no method for a sys
tematic pairing of the defect partners by controlled therm
annealing or light illumination could be found.

Under increasing temperature the VL signal decrea
similarly to what has been seen for other systems. The m
cause for this behavior is the increasing non-radiative de
within the vibrational CN2 excitation. Taking this well stud-
ied behavior of the isolated CN2 in KCl ~Ref. 27! into ac-
count we found a constant or even slightly increasingE-V
transfer efficiency up toT5100 K.

IV. SUMMARY AND DISCUSSION

The presented experimental data reveal many interes
features but also the complexity of the KCl:Sm21:CN2 sys-
tem. To completely understand all aspects a more com
hensive study would be necessary similar to the one
formed for KCl:Sm21 by Ramponi and Wright.19,25 This
holds especially for the center formation processes, but
beyond the scope of this report. We will concentrate in
following discussion on the questions raised above in Se

A. Energy levels and center structure

1. „Sm21
…n complexes

For the following discussion of the transition energies
will refer again to the schematic level diagrams in Fig
1~a!– 1~c!, although also other models have been propose28

The emission spectra we measured in the well-a
KCl:Sm21 sample~see Fig. 3! strongly resemble the ones i
NaBr, RbI, . . . . For that reason we conclude that in th
aggregated (Sm21)n center types the levelE is also shifted
below the 5D0 state. In this interpretation, the observ
groups (1, . . . ,4) of emission bands indicated in Fig. 3 a
assigned to theE→7F j ( j 51, . . . ,4) transitions. The sharp
-
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equidistant peaks on top of the bands can be identified
vibrational substructure caused by coupling to a localiz
mode with a frequency (v loc'11 meV) considerably lower
than for the mode ('26 meV) which was found for isolated
Sm21 defects.29 This indicates that the Sm21 surrounding is
strongly changed within these complexes compared to
isolated Sm21. The fine substructure within each peak
evidence for the presence of several complex center typ

2. Sm21-CN2 centers

The different Sm21-CN2 sites observed in KCl:Sm21

samples with low CN2 concentration and under excitation
the region of both the7F0→5Do and 7F0→5d absorption
exhibit transitions almost identical in their spectral positio
to the isolated Sm21 defects. For that reason the energy lev
scheme in Fig. 1~a! is still applicable almost without modi
fication and is repeated as a starting pointn51 in Fig. 1~c!.
The weak interaction of the 4f states to the surroundin
which can directly be deduced for the electron coupling
phonons from the dominance of the zero-phonon emiss
transitions is further reflected in the vibrational sideba
spectrum by the absence of any CN2-related localized mode

Although our optical measurements are not suitable
identify directly the microscopic configuration of these ce
ters, the number of different sites and the CN2 concentration
dependence suggest that these are simple Sm21-CN2 com-
plexes with a different arrangement and orientation of
CN2 relative to the Sm21 and the required charge compe
sating cation vacancy: Assuming that the CN2 is in a ^100&
neighborhood to the Sm21, the 12 possiblê110& positions
of the vacancy can be classified into 3 groups~i!, ~ii !, and
~iii ! with 4 equivalent arrangements. For each of the 3 gro
2 orientations (a,b) of the CN2 electric dipole are possible
The resulting six different configurations are shown in Fig.
This somewhat tentative assignment is supported by the
that in Yb21-doped samples analogous configurations
observed.10 The spectral changes for the Sm21-CN2 are
very small, even smaller than the shifts found for certa

FIG. 8. Possible configurations of Sm21-CN2 complexes in
KCl. For details see the text.
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simple Sm21 complexes.19 Similar to the latter, the change
in energy observed for the 4f states are about 10 time
smaller than for the lowest 5d-type states. The shifts in bot
the 4f and 5d states can easily be accounted for by sm
differences in the crystal field which the Sm21 ion experi-
ences. This change can be caused by the weak perma
electric dipole moment of the CN2 and amplified by a dis-
placement dipole due to an off-center CN2 position. Further
interaction mechanisms like covalency effects and electr
exchange between the Sm21-CN2, which become importan
for the Yb21-(CN2)n centers, appear to be negligible.

3. Sm21-„CN2
…n clusters

In continuation of the arguments used for Sm21 com-
plexes we interpret the emission spectra obtained for hig
CN2 concentrations and low-energy excitation~e.g., l
5690 nm in Fig. 4!. Their spectral shape is quite similar
that of the Sm21 complexes although the substructures
much less pronounced. The increase of emission inten
with the CN2 doping level suggests that the responsible c
ters are Sm21-(CN2)n clusters which involve more than on
CN2 molecule. The redshift of the electronic emission und
lowering of the excitation photon energy and increas
CN2 concentration can be explained in analogy to sim
observations for Yb21-(CN2)n and Eu21-(CN2)n . If we
assume that the lowest 5d-type level is shifted consecutivel
with increasing numbern of involved CN2 molecules to-
wards lower energies below the5Do level, as indicated in
Fig. 1~c!, laser pumping at lower photon energies will res
in excitation of centers with more CN2 incorporated into the
complexes. Although an accurate energy level scheme
function of n cannot be obtained from the measurements
should be noted that the shifts of the 5d levels (DE
.100 meV) are much more pronounced than expected f
the purely additative behavior (DE5n310 meV) predicted
for a mixed ligand case in the simple electrostatic crys
field theory. This indicates that a rearrangement of the i
within the complexes takes place, leading to stronger cry
field effects. The influence of covalency and electron
change interaction neglected for the simple Sm21-CN2

complexes may become more appreciable.
The participation of more than one Sm21 ion within these

complexes cannot be excluded completely. The observa
that the emission is still present after quenching sugge
however, that these complexes do not play a major r
Even if this possibility is neglected the Sm21-(CN2)n com-
plex configuration offers a large number of possible var
tions explaining the absence of a sharp emission subs
ture.

B. Energy transfer

The observedE-V energy transfer has a very low qua
tum efficiency and therefore the weak obtained VL sign
do not allow a detailed study of certain aspects like accu
transfer rates and identification of the initially excited vibr
tional level. However, several clear statements can still
made.

~1! Simple Sm21-CN2 defects do not showE-V transfer
as can be seen from the VL excitation spectrum. O
Sm21-(CN2)n center complexes involving more than on
CN2 molecule exhibit the transfer.
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~2! These Sm21-(CN2)n center complexes exhibit broa
emission spectra and are characterized by 5d-type levels
which lie below the 4f -type excited state Fig. 1~c!. Their
lowest 5d levels are the most likely origin for the transfer

~3! The increase of VL signal for lower excitation ene
gies suggests that theE-V transfer becomes more effectiv
the more the 5d states are shifted to lower energies, i.e., t
more CN2 are incorporated in the defect complexes.

Several theoretical models to account for theE-V energy
transfer between electronic defects and molecular vibrati
have been proposed and worked out mathematically. T
can be divided roughly into two groups: first, the Fo¨rster-
Dexter-~FD-! type transfer models which attribute the ener
transfer to the interaction between transition dipoles
higher moments30,31 and second, several models~like the
‘‘supermolecule’’ model, the cross over model, and t
frequency-shifted CN2 oscillator model!, which all assume
an electronic vibrational coupling similar to the electro
phonon interaction.32–34,13 While the latter ones are bes
suited for a strong coupling, the FD model can easily
applied also for weakly coupled systems and for interact
over longer distances, so that it is commonly used fo
qualitative interpretation of the energy transfer between r
earth ions in numerous systems. In the FD model theE-V
transfer rateWEV from the lowest (Sm21) electronic excited
state (e,0,0) to an electronic ground state (g,m,m) involving
an excitation of m CN2 vibrations andm phonon modes can
be described for a dipole-dipole interaction by the followi
expression:30

WEV5
C

R6 H d^mCN&
dqCN

J
qCN5q0

2

u^xm
CNuqCNux0

CN&u2

3^mSm&2(
m

Smg,0e
d~Ee,0,02Eg,m,m!, ~1!

with ^mSm& the electronic Sm21 transition moment,xm
CN and

qCN the CN2 vibrational wave functions and coordinat
Smg,oe

the Franck-Condon factor, and a constantC. The equa-
tion shows the characteristic 1/R6 dependence on the dis
tance R between the energy donor and energy accep
Equation~1! can be interpreted more intuitively as the spe
tral overlap of the emission of the energy donor~3 factor!
and the absorption of the acceptor~2 factor!.31 Within this
model the absence ofE-V transfer for the simple
Sm21-CN2 complex can be accounted for by a lack of ove
lap between the sharp electronic and vibrational transitio
Moreover, it is expected and experimentally observed t
for the weakly CN2 anharmonic oscillator the transitio
probability from the ground state to excitedv states becomes
drastically lower towards higherv numbers. This makes th
E-V transfer less likely for higher energies and a large nu
ber of transferred vibrational quanta—similar to the ene
gap law often found for nonradiative transitions. The con
tions for the Sm21-(CN2)n complexes are more favorabl
and the arguments from above can be used to explain
appearance ofE-V transfer because these complexes sho
broad luminescence~Fig. 4! with increasingly redshifted
peak energies. The mentioned strong dependence of th
brational absorption strength onDv should favor anE-V
transfer which involves electronic transitions into groun
state levels7F j with higher energy and hence highj value,
so that less energy has to be transferred.
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While the influence of the electron-vibrational couplin
on theE-V transfer which we intended to investigate is n
explicitly included in the FD model, it plays a major role
all the other models mentioned above. These models and
electron vibrational coupling can best be visualized in
widely used configurational coordinate~CC! diagram in
which the complete vibrational mode spectrum of the latt
with its coupling to the electronic defects is approximated
a single mode with one displacement coordinateQ and fre-
quencyv. This kind of CC diagram has also been used
Fong28 to explain the temperature dependence of the lifeti
and spectral shape of the electronic luminescence of Sm21 in
KCl. Adapting the qualitative interpretation of theE-V trans-
fer in FH(CN2) centers by Rong and Luty2 we can make a
schematic model as shown in Fig. 9. The vibrational exc
tion levels are drawn as additional curves shifted succ
sively upwards in energy relative to the Sm21 levels by the
CN2 vibrational energy~0.250 eV! for each additionalv
excitation. For simplicity, this is only done for the highe
( j 56) of the 7F j levels for which the most efficientE-V

FIG. 9. Configurational coordinate representation of a simplifi
scheme of the Sm21 electronic states~a! for isolated Sm21 and
simple Sm21-CN2 complexes and~b! for Sm21-(CN2)n , n.1.
For the 7F6 level vibrational CN2 energy levels are depicted a
properly shifted additional curves. For details see the text.
er
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transfer is expected. Two situations are depicted: In Fig. 9~a!
the weakly coupled5D0 state—represented by a potenti
curve barely shifted relative to the7F0 ground state—is the
lowest-lying excited state as found for the simp
Sm21-CN2 defect. In this case the excited electron relax
fast into the 5D0 level and no crossing point between th
electronic and vibrationally excited levels can be reached
which a crossover between the potential curves could t
place. This explains the absence ofE-V energy transfer at
least for the considered low temperatures. The obser
small improvement of the transfer efficiency with increasi
temperature can be explained by a thermally induced po
lation of the 5d state.

In Fig. 9~b! the lowest-lying 5d state is lower in energy
than the5D0 state. The 5d state exhibits a stronger couplin
reflected in a stronger horizontal shift of its potential curv
In this case one finds several crossing points close to
potential minima at which an energy transfer is possib
This explains quite naturally the observation that f
Sm21-(CN2)n complexes with low-lying 5d statesE-V
transfer takes place. The exact mechanism of the cross
from one potential curve to the other depends on the ada
model. Unfortunately, within none of them can the absol
energy transfer rate be calculated; only relative efficienc
for the transfer channels into different CN2 vibrational states
can be obtained always with similar results: At lowest te
peratures the transfer at the lowest crossing point is m
likely. In the depicted case this would bev54.

In summary we have shown that the interaction and
ergy transfer between the Sm21 and the CN2 molecules
strongly depends on which electronic levels are involved a
on how these are coupled to the lattice. Already these
results show that further investigations—similar to the e
tended studies onFH(CN2)—will shed more light on the
nature of the electron-molecular interaction especially if
possibility to directly compare the behavior of 4f - and
5d-type states is further exploited.
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