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Interaction and energy transfer between divalent Sm ions and CN molecular defects in KCI
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We studied the mutual interaction and electronic-vibrational energy transfer processes between divalent
samarium ions and neighboring CNmolecular impurities in KCI by the highly site-selective technique of
combined excitation-emission spectroscopy as well as by vibrational IdidinescencéVL ). We found for
Sn?*-CN~ complexes involving just a single CNmolecule that the spectral shifts of the intraconfigurational
(4f—4f) transitions are very small, and are about 10 times bigger for the interconfiguratidfiab ¢4°5d")
transitions. No measurable energy transfer from the electronic excitation into the vibrationat@ith mode
takes place for those centers, reflecting the weakly interacting character of the energetically lowesPBxcited
state which belongs to thef4electronic configuration. However, for more complex centers which appear for
higher CN" concentrations and involve more than one CiNolecule the more strongly coupled-8ype states
are shifted to lower energy, even below 2, state. In this casE-V energy transfer can be observed by the
appearance of VL.S0163-18209)07941-2

l. INTRODUCTION AND BACKGROUND ing vacancy as it¢110 neighbor'®?°is illustrated in Fig. 1
using schematic energy level diagrams proposed by Guzzi
In the recent past, the interaction and the electronicand Baldini?* After excitation into the B-type excited state
vibrational (E-V) energy transfer processes between an elecand rapid relaxation into the 4type) °D, state, transitions
tronic and a molecular defect have been studied experimerito the 'F; states take place, giving rise to a spectrum
tally in various systemts! and several theoretical models Which at low temperaturesT(<15 K) consists of seven
for interpretation have been proposéd*®The main focusin  9roups of sharp lines stretching from the visible into the near
these investigations was on those combinations of defecigfrared. Due to the #—4f character of the transition, the
[F-center—CN, F-center—OH, Yb?*-(CN™),], which ex- lifetime is quite long &10 ms)_. For higher temperatures a
hibit strong mutual coupling effects. Common to all theseProad emission background with a much higher decay rate
systems is a relatively strong electron-phonon coupling ofPPears, indicating a thermally activated population of a
the relevant electronic defect states which is reflected in th&d-type state E) which lies only slightly(0.016 eV for KC)
corresponding Hyang-Rhys fact8r(e.g., S=10-100 forF

centers. This apparent connection between the coupling to Sm?*

the vibrational modes of the lattice and to those of the neigh- isolsted isolated Sm**-[CNT,

boring molecular defect has not been investigated experi- " oy fid Siag e Gomplexes )
n=1 ———— >

mentally in detail. Especially, electronic states, which are
only weakly influenced by the surrounding ions, have not 4% =
been considered. Possible candidates for such investigatior °D,
could be the trivalent rare earth ions with their transitions
between well shielded f4states which have been used as
laser-active ions for various applications. Unfortunately, it is
in general not possible to introduce those ions into alkali
halides in which all the mentioned studies have been carriec
out. As an alternative, divalent rare earth ions, liké Eand
Sn?", may be used which can be incorporated quite easily
and have been well characterized already as individual
defectst” While the 4 — 4f transitions of E&" with CN~
neighbors have been studied by two-photon absorpfioe;
vealing essentially no interaction effect, we chose for our
investigation the SAY ion for which the electronic transition
both among 4 states(intraconfigurational as well as be-
tween 4 and 5 states(interconfigurational can be ob-
served in absorption and emission in the visible spectral re-
gion, allowing a direct comparison. FIG. 1. Schematic energy level diagram for the lowest states of
The excitation-relaxation cycle of an isolated Snuefect  (a) isolated SrA* in KCI, (b) isolated Sr"* in, e.g., Rbl and SAT
in KCI, consisting of the SA" ion and a charge compensat- aggregates in KCI, antt) Sn*-(CN"),, complexes in KCI.
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above. Due to its 8 character, this level is fairly sensitive to monochromatofSpex 1402 and a optical multichannel ana-
changes in the host material and it lies, e.g., for Rbl, Kl,lyzer (OMA, SI IRY700). The samples were excited by a
NaCl, NaBr, Nal, and CaF"?! even below the’D, state  tunable dye laser (Spectra Physics model 375,
[Fig. 1(b)]. Under these conditions the emission propertiesar*-laser-pumped, DCM dyewith the wavelength con-
are altered: The luminescence is spectrally much broader angbiled by a wavemetefBurleigh WA2500 Ji. The spectral
has already at low temperatures a much shorter radiative lifqesolution for both emission and excitation was better than
time as well as a high quantum efficiency. These featureg 1 mev. The whole experimental setup was computer con-
have been used successfully in the £aBst material for the  ¢qjled to minimize the measuring time. The resulting two-
realization of a solid state Ias%?r._ _ dimensional(2D) data set of emission intensities as a func-
Th(_a electron-pho_non |nterac_t|(_)n of the §mn KCIl was tion of emission and excitation wavelengtfh o, \orr) OF
experimentally studied by Ba'd”?' ap_d Gu%gz_as well as by energy is best visualized using a contour plot in which lines
Bron and Helle?” who found a S|gn|f|cant dlfferencg in the of equal emission intensities are drawn. In such a represen-
strength and spectral shape of the vibrational sideband ation, a single emission line excited in a single absorption

These observations were explained by the difference in th{eransition appears—similar to a geographic map—as a

nature of the coupling® While the 4f — 4f transitions exert tain. Thi the ontical transiti ¢ defects situated
only long-range forces causing exclusivébithough weak mountan. This way the optical transitions of defects situate

S~1) interaction with unperturbed crystal phonons, the®" different lattice sites or crystalline environments can be

4f—5d transitions involve also short-range force contribu-identified very clearly, as we will show below.
tions, causing an interaction with locgimpurity-related The vibrational luminescence spectra were recorded by
phonon modes$~5). conventional techniques using a LN-cooled InSb detector

Among possible molecular partners for the nwe se- Mounted behind a 0.25 m monochromatBpex1673

lected CN because for this molecule the vibrational transi-
tions are at least partially radiative which allows us to study
the energy transfer by vibrational luminescence spectroscopy ll. EXPERIMENTAL RESULTS
around 5 um. The described properties make the?$m

(CN7), complex system an interesting model case to inves- In this work vye concentrated on measu_remeqts at low
tigate the following questions temperatures typically arourii=10 K to achieve high se-

(1) Regarding the spectral position and electron-phonoﬁeCtiVity and to avoid the c.:omplica?ion of the emission spec-
coupling, how are the different types of 8mstates influ-  tra by the thermal activation mentioned above.
enced by the presence of CNeighbors?

(2) CanE-V energy transfer originating from the well-
shielded 4 states take place and how is the process altered
when the more strongly electron-phonon coupletl siates The absorption, excitation, and emission spectra of'Sm
are involved? in KCI have been already studied in much détaind are in

Starting with the description of the sample preparationmost aspects reproduced by our own investigations, thus giv-
the main experimental techniquéSec. ), and the presen- ing an excellent basis for our study. However, those earlier
tation of the experimental resuliSec. Ill), these questions studies concentrated on very different aspects, so that we will
will be discussed in the final sectigSec. I\). present in the following some additional data relevant for
this work. As a first example for the usefulness and sensitiv-
ity of the CEES technique and for comparison later on, we
show in Fig. 2 the contour plot obtained from emission spec-

The samples we used in this study were grown in thera for a KCl sample which has been doped only with’$m
Paderborn crystal growth facility by the Bridgman technique.The spectral region shown was selected to include just a
All samples were nominally doped with 0.1% of 8mby  single peak for each center, i.e., the singiE,—°D, tran-
adding SmC] to the melt. The various concentrations of the sition in excitation and the line with highest energy out of the
CN~ codopant were determined by absorption measurementsystal field split°D,— ’F, transitions in emission. Hence
in the infrared. For comparison several samples from theach mountain which is found corresponds tifeerentcen-
crystal growth laboratory at the University of Utah were em-ter type. The strongest peaks are labelesthdd according to
ployed. In order to achieve a statistical distribution of all theRef. 19 where sitea has been identified as the main site
defects and to keep the number[&n?* ], aggregates at a which consists of a St with a charge compensating cation
minimum®® we rapidly quenched the sample from 600 °C (K) vacancy as one of its next-nearest neighbors ir{ 11€)
before we mounted it into a He-flow cryostat and cooled it todirection. These two sitesandd can also be observed easily
T=10 K. The expectedand observedspectral changes in in individual emission and excitation spectra as shown in
the optical transitions of the $m induced by CN neigh-  Figs. 2b), and Zc). A closer look at the combined spectrum
bors are very small. Moreover, the formed complexes haveeveals at least two more peaks. They are about two orders of
to be distinguished fromiSn?*],, aggregates which are al- magnitude weaker than the main peak. While one of them
ways present even in carefully quenched sampleBor  (d*) can easily be obscured by the emission from ditéhe
these reasons we used the very selective combinedther one ) is well separated but is so weak that it was not
excitation-emission spectroscof@EES technique in which  among the reported onea-fn) in Ref. 19.
we recorded a large number@00) of emission spectraata  The importance of the quenching procedure is reflected in
dense sequence of excitation energies using a 0.85 m doultlee emission and excitation spectra for a KClZnsample

A. Isolated Snt* defects

Il. EXPERIMENTAL TECHNIQUES
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FIG. 2. Site-selective spectra of 3min KCI:
(A) Combined-excitation-emission spectru(B)
emission spectrum for a broadband excitation
around 689 nm, andC) excitation spectrum of
emission probed with low spectral resolution
Z (702 nmt2 nm). The different sites are labeled
I I as in Ref. 19.
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which has been stored several months in the dark at rooraxpansion(see inset it becomes obvious that the spectral
temperature. Under these conditions a center aggregation céines have an additional substructure. In the excitation spec-
take plac& which reveals itself by a drastically changed trum of the emission probed at around 1.55@@0 nm) we
emission spectrurfFig. 3, lef) which can be observed for a found also a broadband with a substructure between 1.90 eV
wide range of excitation energigfig. 3, righy and which (650 nm and 1.85 eM670 nn) consisting of one sharp and
disappears after the sample is quenched. The emission cof§W less pronounced maxima which suggests a electron-
sists of a broad background on top of which several groupghonon coupling similar as observed for transitions to
(1,... 4 of rather sharp lines are situated. These group®d-type states.

consist of lines separated byll meV. By further spectral __1hese and the published spectra for isolated? Srand
aggregated Sfii complexes can now be used and compared

to the spectra we obtained in samples which have been
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FIG. 3. Emission(left) and excitation(right) spectra of Srii" Emission Photon Energy (eV)
for a KCl sample which was stored for several weeks at room
temperature. The emission was excited at the spectral position in- FIG. 4. Emission spectrum of Sm-related defects in
dicated by an arrow. Inset: substructure for the indicated emissioKCl:Sm?* +1.5% KCN excited at 637 nm. Inset: emission spectra
line. The excitation spectrum was probed in the spectral range oéxcited at 690 nm for samples doped with 0.5% and 1.5% KCN. All
the inset 800 nm). samples were quenched from 600 °C just before the measurement.
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FIG. 5. Excitation and a more detailed emission spectra of
Sm?* -related defects in KCI:SAT +1.5% KCN excited at 637 nm. FIG. 6. Combined excitation-emission spectra of KCI’Sm
The sample was quenched from 600 °C just before the measure=1.5% KCN for excitation(a) in the region of the vibrational pho-
ment. The position of probing and exciting the emission are indi-non sidebands of the interconfigurationdgi-45d transitions and
cated by vertical arrows. The vibrational sidebands of the(b) in the region of the intraconfigurationdF,—°D transition.
5Dy« "F, transition are shown expanded for excitation of site The CN™ related sites are labeled with numbers 1, ... , 7. The
and 4 at 1.7984 eV and 1.7980 eV, respectively. The horizontasitesa, d already present in the absence of Chre labeled accord-
arrows and the poin® indicate the spectral ranges used in Fig. 6.ing to Ref. 19.

B. Sn?*-CN~ complexes and increase equally relative to the main isolated Ssitea
with increasing CN doping. For that reason we believe that
they are unambiguously related to center complexes involv-

In Fig. 4 emission spectra for a KCI sample doped withing one CN" molecular ion. Less certain are the sites (6, 7).
both Snf* and CN" are shown. For excitation at around 637 Especially site 6 could have been missed in Fig. 2 due to the
nm in the region of the zero phonon line of the Sntran-  spectral vicinity to sitea. After identification of the different
sition the emission spectrum looks at first sight just as thesp?™ — CN~ sites also the spectral regions of the other
one found in samples without CN It consists of several 5p,..”F; emission transitions can be investigated by CEES
groups of sharp lines due to emission from 2, to the {0 find the site-specific energies of tAE; states. The spec-
crystal-field-split‘F; states. In a more detailed pictufeig.  tral overlap of the excitation energies for different sites and
5), however, a substructure of the individuai®4-4f° tran-  |ess-resolved emission lines in certain wavelength regions
sitions, best seen and indicated with an arrow close to thgnhakes a complete assignment impossible, and therefore only
strongest line within the’Do— 'F; transitions. This sub- the unambiguously identifiedD,— 'F; transition energies
structure is not observed in samples which have not beegre listed in Table I. The differences in transition energies
doped with CN' molecules and already suggests the presfound are all of the order of 1 meV or even less.
ence of CN -perturbed Sri" sites. In Fig. 5 the excitation Besides the narrow zero-phonon emission lines also the
spectrum of the emissiofprobed at the indicated spectral vibrational phonon sidebands observed most pronounced for
position is depicted, showing that the excitation both in thethe 5D,— ’F, emission transitiongshown expanded in Fig.
'Fo—"°Dy (indicated by the pointand in the interconfigu- 5) can be studied under site-selective excitation and one finds
rational "Fo—5d transition is possible. Again, almost no that the shape and spectral shift do not depend on the excited
differences to the isolated $ih can be found. site.

In order to study the substructure within tﬁ@0—>7Fj In a similar way the excitation energy can be changed into
transition we measured the combined excitation-emissiothe range of the interconfigurational transition. The vibra-
spectra for the two different spectral regions of excitationtional substructurgzero-phonon lingson the low-energy
energy. To allow for a reliable and easy comparison we firskide of the excitation spectrum is well suitable for our site-
took special care to perform the thermal quenching beforgelective technique. The resulting contour plot is shown in
measurements identically for the samples with and withouFig. 6(a). Again characteristic peaks for certain combinations
CN™ doping and second we depict in Fig(bp the same of excitation and emission energies appear and can be as-
spectral ranges as in Fig. 2. Several new sites (1-5) can h#igned to the different Sfii sites by comparison with Fig.
found which appear already for lower CNconcentration 6(b). This way the interaction effects for the f4

1. Electronic transitions
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TABLE I. Spectral positions in eV of various Shand SmM*-CN™~ zero-phonon transitions for different
sites. For the cases no value is given no unambiguous assignment was possible.

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

Fo— 5d 1.946 1.952 - - 1.942 1.945 1.939 1.950 1.942
5Dg—"Fy 1.7984 1.7986 1.7987 1.7980 1.7980 1.7980 1.7978 1.7984 1.7984
Dg—"F; 1.7669 1.7662 1.7670 1.7668 1.7660 1.7658 1.7665 1.7664 1.7675

1.7626  1.7650 - 1.7626 - 1.7622 1.7622 - -
1.7587  1.7577 - 1.7586 - 1.7579  1.7582 - -
SDy—7’F, 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 - -
Dg—'F;  1.6113 - - 1.611 - 1.611  1.6108 - -
1.6111 - - 1.6108 - 1.6108 1.6106 - -
Dg—’F, 15132 - - 1.5131 - 15128 15126 - -
1.5113 - - - - - - - -
1.5110 - - 1.5109 1.5107 - 1.5102 - -

and Sd-type Snf* states with the CN can be compared. our highest-doped sample (1.5% CN By comparison
For the sitesa, d, and 3—7 the corresponding peaks canwith the VL spectra from other defect systems like
easily be foundindicated by the linesand the energy of the Yb?"-(CN7), and Fy (CN™)'®! these peaks can be as-
corresponding 8 state can be determinghcluded in Table signed to the vibrational transitions of regular unpaired CN
). The differences in transition energies are about 10 meVtlefects with different isotopical compositions”G*N,
For sites 1 and 2 an identification is not possible since thé*C*N, *2C'*N). Obviously, an efficient vibrational\(-V)
emission energy is hardly distinguishable from the stronglyenergy transfer from the initially excited CNmolecules
emitting sitea.

While the spectral changes described so far are qu_ite Wavelength (nm)
small, much more pronounced effects are found in the emis- 5000 4900 4800 700 650
sion which appears as a background under excitation ovel 1 ! ! \ — ! ! !
the whole studied spectral range. As an example we show ir VL Spectrum Excitation Spectrum
the inset of Fig. 4 such a kind of spectra which consist of a
very broad band with only very faint sharper features on top °c'*N 2CMN
of it. The position for excitation =690 nm) was chosen & i-0 1-0
in this case such that it does not coincide with any of theg
sharp spectral features of the spectra discussed alfoge & '2C'°N

4). The emission band is strongly dependent in strength anc%‘ 1~0
spectral shape on the excitation position, suggesting a stron(g
inhomogeneous broadening. Most notably, it shifts to lower £
energy as the excitation wavelength increases. Under CN 8
concentration variation one finds that it is totally absent for

samples not doped with CN Under increase of CN con- |
centration the emission increases superlinear in integratec
intensity and shifts to lower energies as well. This behavior =

uminescen

L

shown in the emission specttig. 4, inset for two concen- g
trations indicates that the S energy levels are shifting &
towards lower energy as the average number of @Migh- S
bors increases.
-
I . T T T § T T T
2. Vibrational luminescence 0.250 0.255 0.260 18 19 20

The question if and for which defect typ&V energy Emission Photon Energy (eV) Excitation Photon Energy (eV)

transfer takes place can easily be checked by measurement of ;i 7. vibrational luminescence in KCI:Si+1.5% KCN.

the vibrational luminescencg/L). In Fig. 7 the VL Spec- | eft: emission spectrum. The corresponding vibrational transitions
trum under excitation at 690 nm is shown. The VL signalare |abeled. Right: excitation spectrum of VL. The spectral position
which consist of three main peaks is very weak—at least onef excitation and probing the emission are indicated by arrows. The
order of magnitude weaker than for ¥b(CN), spectral positions for which sharp feature would be expected are
centerd®“—and could therefore only be detected reliably for indicated with lines.
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which have a S neighbor to isolated CN molecules can (ii) (iii)

@i)
take place similarly to what has been found F; (CN™)
centerd® and is expected for a fairly high CNconcentra- ‘ ‘ ‘
tion. Only the weak peak around 0.250 eV could be a can- e 6 e e a a
didate for VL from Sm*-perturbed CN. For lower CN' (@) @ @ @
concentrations for which the-V transfer should play a mi-
nor role the VL signal was too small to be spectrally re- .’e a@e e‘.

solved. By comparison of the integrated electronic and vibra-
tional luminescence intensities the quantum efficiency of the
E-V transfer can be estimated to be less than 1%.

In order to find out which types of S-CN~ complexes
are participating in thé&-V transfer we measured the exci-
tation spectrum of the VL. For the spectral range of the dye
laser which was used the result is illustrated in Figright)
and shows that the VL can be excited over a wide spectra
range. No sharp excitation peaks appear, in obvious contras
to the spectrum for the electronic emissi@mown in Fig. 5
and indicated in Fig. 7 by lingsof the simple Sri"-CN~ @ Sm2+ D
sites. Unfortunately, the spectral range we were able to study
is not sufficient to cover the complete VL excitation spec- FIG. 8. Possible configurations of $mCN~ complexes in
trum. A measurement at 980 nm showed that even for thi&Cl. For details see the text.
low excitation energy some weak VL signal is present. The
VL intensity is somewhat higher in well-aged samples com-equidistant peaks on top of the bands can be identified as a
pared to the signal found after the sample has been quenchgmbrational substructure caused by coupling to a localized
just before the measurements. This indicates that center aghode with a frequencyd;,.~11 meV) considerably lower
gregation is playing a role. However and in contrast tothan for the mode+26 meV) which was found for isolated
Fy (CN7) andFy (OH™) centers, no method for a sys- gn?* defects?® This indicates that the St surrounding is
tematic pairing of the defect partners by controlled thermaktrongly changed within these complexes compared to the
annealing or light illumination could be found. isolated SrA*. The fine substructure within each peak is

~ Under increasing temperature the VL signal decreasegyidence for the presence of several complex center types.
similarly to what has been seen for other systems. The main

cause for this behavior is the increasing non-radiative decay
within the vibrational CN excitation. Taking this well stud-

F==1 cation vacancy in and
1 __I above plane

2. Sm*-CN~ centers

ied behavior of the isolated CNin KCI (Ref. 27 into ac- The different SMA*-CN~ sites observed in KCI:Sfi
count we found a constant or even slightly increasiivy ~ samples with low CN concentration and under excitation in
transfer efficiency up t@=100 K. the region of both the F,—°D, and 'F,—5d absorption
exhibit transitions almost identical in their spectral positions
IV. SUMMARY AND DISCUSSION to the isolated SAT defects. For that reason the energy level

scheme in Fig. () is still applicable almost without modi-
The presented experimental data reveal many interestincation and is repeated as a starting paist1 in Fig. 1(c).
features but also the complexity of the KCI:5mCN™ sys-  The weak interaction of the f4states to the surrounding
tem. To completely understand all aspects a more comprevhich can directly be deduced for the electron coupling to
hensive study would be necessary similar to the one pefphonons from the dominance of the zero-phonon emission
formed for KCI:Snt* by Ramponi and Wright?® This  transitions is further reflected in the vibrational sideband
holds especially for the center formation processes, but it ispectrum by the absence of any Cikelated localized mode.
beyond the scope of this report. We will concentrate in the Although our optical measurements are not suitable to
following discussion on the questions raised above in Sec. identify directly the microscopic configuration of these cen-
ters, the number of different sites and the Tbbncentration
A. Energy levels and center structure dependence suggest that these are simpl&"SBN~ com-
plexes with a different arrangement and orientation of the
CN™ relative to the Sfi" and the required charge compen-
For the following discussion of the transition energies wesating cation vacancy: Assuming that the CIs in a(100
will refer again to the schematic level diagrams in Figs.neighborhood to the SHi, the 12 possiblé110) positions
1(a)— 1(c), although also other models have been propé&ed. of the vacancy can be classified into 3 groups (i), and
The emission spectra we measured in the well-agedii) with 4 equivalent arrangements. For each of the 3 groups
KCl:Sm?* sample(see Fig. 3 strongly resemble the ones in 2 orientations &,b) of the CN™ electric dipole are possible.
NaBr, Rbl, ... . For that reason we conclude that in theséhe resulting six different configurations are shown in Fig. 8.
aggregated (Sfi), center types the levet is also shifted This somewhat tentative assignment is supported by the fact
below the °D, state. In this interpretation, the observedthat in YB?*-doped samples analogous configurations are
groups (1...,4) ofemission bands indicated in Fig. 3 are observed? The spectral changes for the 3mCN™~ are
assigned to thE—>7Fj (j=1, ... ,4)transitions. The sharp very small, even smaller than the shifts found for certain

1. (Sm?*), complexes
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simple SM* complexe<? Similar to the latter, the changes  (2) These Sf"-(CN™),, center complexes exhibit broad

in energy observed for thef4states are about 10 times emission spectra and are characterized lytype levels
smaller than for the lowestdstype states. The shifts in both which lie below the 4-type excited state Fig.(®). Their

the 4f and 5 states can easily be accounted for by smalllowest & levels are the most likely origin for the transfer.
differences in the crystal field which the 8mion experi- (3) The increase of VL signal for lower excitation ener-
ences. This change can be caused by the weak permandi€s suggests that tHe-V transfer becomes more effective
electric dipole moment of the CNand amplified by a dis- the more the 8 states are shifted to lower energies, i.e., the
placement dipole due to an off-center Ciosition. Further more CN" are incorporated in the defect complexes.
interaction mechanisms like covalency effects and electron- Several theoretical models to account for B energy
exchange between the 8mCN~, which become important transfer between electronic defects and molecular vibrations

for the YB™-(CN™),, centers, appear to be negligible. have bee.n.proposed anq worked out mathematigally. They
can be divided roughly into two groups: first, thergier-
3. Snf*-(CN7), clusters Dexter{FD-) type transfer models which attribute the energy

In continuation of the arguments used for Smcom- transfer to the iglteraction between transition dipoles or
plexes we interpret the emission spectra obtained for highdpi9ner moment&** and second, several modellike the

- . o lecule” model, the cross over model, and the
CN™ concentrations and low-energy excitatiqe.g., A SUpermolect " . ’
—690 nm in Fig. 4. Their spectral shape is quite similar to frequency-shifted CN oscillator model, which all assume

an electronic vibrational coupling similar to the electron-
that of the SrA* complexes although the substructures ar bling

o 4 The | ¢ emission intensio©non interactio?=3*1* While the latter ones are best
much 1ess pronounced. 1he Increase of emission INeNsIy, jiiaq for g strong coupling, the FD model can easily be

with the C'\E doping level suggests that the responsible cenypjieq also for weakly coupled systems and for interaction
ters are Srh"-(CN "), clusters which involve more than one gyer longer distances, so that it is commonly used for a
CN™ molecule. The redshift of the electronic emission underqualitative interpretation of the energy transfer between rare
lowering of the excitation photon energy and increasingearth ions in numerous systems. In the FD model Eh¢
CN™ concentration can be explained in analogy to similartransfer raté\g, from the lowest (Shi") electronic excited
observations for Yb"-(CN™), and E¢*-(CN"),. If we  state £,0,0) to an electronic ground statg, (n, ) involving
assume that the lowest&ype level is shifted consecutively an excitation of m CN vibrations andu phonon modes can
with increasing numben of involved CN™ molecules to- be described for a dipole-dipole interaction by the following
wards lower energies below thRD, level, as indicated in expressior’

Fig. 1(c), laser pumping at lower photon energies will result )

in excitation of centers with more CNincorporated into the :E d{pcn) 1SN genl xSW2
complexes. Although an accurate energy level scheme as a EVTR6| dacen _ Xm deniXo

function of n cannot be obtained from the measurements, it o=t

should be noted that the shifts of thed Sevels AE )

>100 meV) are much more pronounced than expected from X (psm) % Sugyof(Ee,OvO_ Egmu), @

the purely additative behavioAE=nXx10 meV) predicted ) , . . oN

for a mixed ligand case in the simple electrostatic crystafVith (Msm the electronic St transition momenty;” and
field theory. This indicates that a rearrangement of the ion§lcn the CN' vibrational wave functions and coordinate,
within the complexes takes place, leading to stronger crystapug.o, the Franck-Condon factor, and a constanthe equa-
field effects. The influence of covalency and electron extion shows the characteristicRY dependence on the dis-
change interaction neglected for the simple 25p€N-  tance R between the energy donor and energy acceptor.
complexes may become more appreciable. Equation(1) can be interpreted more intuitively as the spec-

The participation of more than one 8mion within these ~ tral overlap of the emission of the energy dori8rfacto)

. 31 . . .
complexes cannot be excluded completely. The observatiofd the absorption of the accept@ factop.™ Within this
odel the absence ofE-V transfer for the simple

that the emission is still present after quenching suggest
P g 9 sugg m?*-CN~ complex can be accounted for by a lack of over-

however, that these complexes do not play a major rOlel'a between the sharp electronic and vibrational transitions
Even if this possibility is neglected the $m(CN™~),, com- P P :

plex configuration offers a large number of possible Varia_Moreover, it is expected and experimentally observed that

tions explaining the absence of a sharp emission substruf(—)r the weakly CN'anharmonic oscillator the- transition
ture P 9 P f)robability from the ground state to excitedstates becomes

drastically lower towards higher numbers. This makes the
E-V transfer less likely for higher energies and a large num-
ber of transferred vibrational quanta—similar to the energy
The observedE-V energy transfer has a very low quan- gap law often found for nonradiative transitions. The condi-
tum efficiency and therefore the weak obtained VL signalgions for the Sri*-(CN™),, complexes are more favorable
do not allow a detailed study of certain aspects like accuratand the arguments from above can be used to explain the
transfer rates and identification of the initially excited vibra- appearance dE-V transfer because these complexes show a
tional level. However, several clear statements can still bédroad luminescencéFig. 4) with increasingly redshifted
made. peak energies. The mentioned strong dependence of the vi-
(1) Simple SM*-CN~ defects do not sho-V transfer  brational absorption strength akv should favor anE-V
as can be seen from the VL excitation spectrum. Onltransfer which involves electronic transitions into ground-
Sm?*-(CN™), center complexes involving more than one state Ievels7Fj with higher energy and hence higtvalue,
CN™ molecule exhibit the transfer. so that less energy has to be transferred.

B. Energy transfer
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(a) (b) transfer is expected. Two situations are depicted: In Rig. 9
the weakly coupled®D, state—represented by a potential
curve barely shifted relative to th&F, ground state—is the
lowest-lying excited state as found for the simple
Sn?*-CN~ defect. In this case the excited electron relaxes
fast into the °D, level and no crossing point between the
electronic and vibrationally excited levels can be reached at
which a crossover between the potential curves could take
place. This explains the absence®{V energy transfer at
least for the considered low temperatures. The observed
small improvement of the transfer efficiency with increasing
temperature can be explained by a thermally induced popu-
lation of the 5 state.

In Fig. 9b) the lowest-lying B state is lower in energy
than the®D, state. The B state exhibits a stronger coupling
reflected in a stronger horizontal shift of its potential curve.
In this case one finds several crossing points close to the
potential minima at which an energy transfer is possible.
Configurational Goordinate Q This explains quite naturally the observation that for
Sn?-(CN7), complexes with low-lying 8 statesE-V
ransfer takes place. The exact mechanism of the crossover
from one potential curve to the other depends on the adapted
model. Unfortunately, within none of them can the absolute
energy transfer rate be calculated; only relative efficiencies
for the transfer channels into different CNibrational states

While the influence of the electron-vibrational coupling can be obtained always with similar results: At lowest tem-
on theE-V transfer which we intended to investigate is not peratures the transfer at the lowest crossing point is most
explicitly included in the FD model, it plays a major role in likely. In the depicted case this would e=4.
all the other models mentioned above. These models and the In summary we have shown that the interaction and en-
electron vibrational coupling can best be visualized in theergy transfer between the $i and the CN' molecules
widely used configurational coordinateCC) diagram in  strongly depends on which electronic levels are involved and
which the complete vibrational mode spectrum of the latticeon how these are coupled to the lattice. Already these first
with its coupling to the electronic defects is approximated byresults show that further investigations—similar to the ex-
a single mode with one displacement coordin@tand fre- tended studies off(CN™)—will shed more light on the
quencyw. This kind of CC diagram has also been used bynature of the electron-molecular interaction especially if the
Fong® to explain the temperature dependence of the lifetimgoossibility to directly compare the behavior off-4and
and spectral shape of the electronic luminescence 6fSm  5d-type states is further exploited.

KCI. Adapting the qualitative interpretation of theV trans-

fer in F4(CN™) centers by Rong and Lutywe can make a
schematic model as shown in Fig. 9. The vibrational excita-
tion levels are drawn as additional curves shifted succes- The author gratefully acknowledges discussions with Pro-
sively upwards in energy relative to the Simlevels by the fessor F. Luty and Dr. C. P. An in the early stages of this
CN™ vibrational energy(0.250 eV} for each additional work. He thanks Dr. M. Yoshida for performing some of the
excitation. For simplicity, this is only done for the highest CEES measurements and Professor W. von der Osten for
(j=6) of the 7Fj levels for which the most efficierE-V reading and discussing the manuscript.

Energy

FIG. 9. Configurational coordinate representation of a simplifie
scheme of the Sfi electronic statega) for isolated SrA™ and
simple SM™-CN~ complexes andb) for Sm?*-(CN7),, n>1.
For the "F4 level vibrational CN energy levels are depicted as
properly shifted additional curves. For details see the text.
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