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Optical properties of strongly coupled Yb2¿ and CNÀ ions in alkali halide crystals:
Electronic absorption and emission

C. P. An, Volkmar Dierolf,* and Fritz Luty
Department of Physics, University of Utah, Salt Lake City, Utah 84112

~Received 22 October 1999!

We have studied absorption and emission spectra of the 4f 14↔4 f 135d electronic transitions of
Yb21:(CN2)n defect complexes in NaCl, KCl, RbCl, and KBr host crystals under concentration variation of
both dopants Yb21 and CN2. Due to strong coupling between Yb21 and (CN2)n , the Yb21 electronic
transitions shift drastically towards lower energies~from near uv to near ir! as then value increases. Applying
thermal quenching and excitation spectroscopy of the emission, the observed absorption spectra can be de-
composed into contributions from the various defect complexes Yb21:(CN2)n with n50,1, andn>2. Within
the framework of ligand field theory we can estimate a splitting parameterDq as high as;3450 cm21 for the
Yb21:(CN2)6 complexes in KCN, a value three times higher than for isolated Yb21 defects in KCl. These
largeDq values can be understood by a comparison with other metal ion complexes and by the special role of
CN2 within the spectrochemical series. For our system we try to interpret the latter by a charge redistribution
from the n CN2 molecules to the 5d orbital of their Yb21 defect partner.
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I. INTRODUCTION

Diatomic CN2 molecules substituted into alkali-halid
crystals have several unique properties~a! Their concentra-
tion x can be continuously increased from isolated defe
(x!1) up to a perfect molecular sublattice (x51) in several
hosts.~b! Relaxation of their stretching mode~at ;5 mm or
0.25 eV! occurs mostly as a slow~ms! radiative process
emitting vibrational luminescence~VL !. ~c! Neighboring
electronic defects of CN2 ions can under photo-excitatio
transfer electronic energy into the CN2 stretching-mode and
efficiently produce VL.

As most suitable electronic defect for process~c!, the F
center was first introduced,1 thoroughly investigated with
various techniques,2–5 and developed into the first success
demonstration of vibrational solid state laser.6 In spite of
simplicity and extensive studies of thisF center/CN2 defect
pair, full understanding of its internalE-V energy transfer
mechanism has not yet been achieved. This is due to the
that origin of this energy transfer, caused by strongest mu
interaction and change of the individual properties of b
partners, occurs only during or after relaxation of the exci
F center on a time scale so rapidly that it is extremely di
cult to be followed experimentally.5,7 More recently, severa
attempts to replace theF center as ‘‘energy donor’’ for the
CN2 ion by other electronic defects have been started. S
cessful VL observation of CN2 has been achieved by exci
ing the uv absorption of Eu21,Tl1, and Pb21 defects in CN2

doped KCl and KI crystals.8,9 Similarly, Yb21 defects in
KCl: CN2 have been reported to show under;3 eV exci-
tation a broad VL emission around 4.8mm.10 In all these
cases, however, the limitation of data~e.g., lack of kinetics
study and/or spectral VL resolution! still prevented under-
standing of the underlying coupling and energy trans
mechanism.

In this work we have chosen the divalent rare earth Yb21

ion ~accompanied by a cation vacancy for charge compe
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tion! as the most interesting and promising alternative to
F center for a comprehensive study in four hosts~NaCl, KCl,
RbCl, and KBr!. It is particularly challenging to study an
understand coupling andE-V energy-transfer for an elec
tronic defect so different in its properties from that ofF
centers. In contrast to the rather extended hydrogenlike w
functions with strong phonon-coupling ofF centers, the low-
est optical transition of Yb21(4 f→5d) occurs between
rather compact states of much lower phonon coupling. As
electronic luminescence EL~produced by photo excitation o
its absorption manifold! has a long (; ms) lifetime, study
of the time dependence of energy transfer and EL versus
competition appears particularly attractive. Much more th
for F center/CN2 pairs, a strong mutual interaction chang
drastically the properties of both individual Yb21 and CN2

partners. We test this by variation of CN2 concentrationx
over the whole range~from x50 up to 1, pure KCN!. Mo-
tivated by this brief survey, we present this extended work
three consecutive parts,

~I! Electronic absorption~EA! and luminescence~EL! of
Yb21 defects and their drastic change by coupling to one
more CN2 partners, starting as a ‘‘basis’’ atx50 and pur-
suing up tox51.

~II ! Vibrational absorption~VA ! of CN2 in various in
configurations with Yb21 partners, and spectroscopy of i
vibrational luminescence~VL !, produced by E-V transfer
from photoexcited Yb21.

~III ! Study of time dependence of the energy transfer
terms of competition between EL of Yb21 and VL of CN2

and its temperature dependence.
The properties and phenomena described in these t

parts are often treated with theoretical models and vie
points originating from different fields of solid state physi
and chemistry. We still will try to unify them and introduc
a phenomenological model which expresses the mutual c
pling of the defects and their energy transfer in a comm
picture.
6565 ©2000 The American Physical Society
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FIG. 1. 4f 14→4 f 135d electronic transitions of
Yb21 ions: Schematic energy diagram of~a! free
Yb21 ions and~b! isolated Yb21 in alkali halides.
~c! Absorption and~d! emission~excited at 320
nm! spectra in NaCl, KCl, RbCl, and KBr host
at T515 K
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In the first part we will start in the following by summa
rizing the essential properties of isolated Yb21 defects in
alkali halides. On that basis we will present the experimen
results for the Yb21-CN2 complexes which will be dis-
cussed in the final discussion section.

II. EXPERIMENTAL RESULTS

A. Crystal growth and sample characterization

All Yb 21 doped crystals studied in this work were grow
in the Utah Crystal Growth Lab by the Kyropolous techniq
under hydrogen gas treatment, which converted the triva
Yb31 supplied by the used YbCl3 or YbBr3 doping material
into the divalent form. For codoping with CN2 molecules,
pure alkali-cyanide powder~of the same cation as the ho
material! was used. In many cases this material was adde
one or two consecutive steps during crystal growth to
melt yielding, e.g., an Yb21 doped crystal which contains i
part ~A! no CN2 and in part~B! and~C! increasing amounts
of codoped CN2. The simple ‘‘observation with the eye’’ o
change from totally uncolored transparency to increas
yellow coloration among crystal parts A, B, and C w
matched by observing the same change in color occur
already in the melt by CN2 codoping. For the extreme cas
of Yb21 doped pure KCN as host both the melt and t
resulting crystal appear nearly intransparent with a str
brown color. The mole concentration of defects in relev
crystal parts were determined for@Yb21# by flame emission
analysis, and for@CN2# by infrared absorption of its funda
mental or second harmonic stretching mode. The ‘‘distrib
tion coefficient’’ ~ratio of concentration in crystal and mel!
obtained from doping with Yb21 alone, varies strongly with
the cation size of the host, yielding 0.2 for NaCl, 0.05 f
KCl, and 0.01 for RbCl. In the latter three hosts we fou
considerable increases of these values~up to a factor 4! when
codoping the melt with increasing amounts of CN2.
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B. Isolated Yb2¿ defects in alkali-halide hosts

In Fig. 1 we illustrate and summarize the properties
Yb21 electronic states and optical transitions which are m
essential for this work. It is well established for free Yb21

ions,11 that the lowest allowed optical transitions from i
closed-shell 4f 14 ground state take place~with different rela-
tive strengths! into the numerous sublevels of the 4f 135d
excited state@Fig. 1~a!#. When substituted as a defect in a
ionic crystal, the strong electro-static forces on these st
from the ‘‘point-ion’’ crystal field of strengthDq and sym-
metry must be considered. In alkali-halide hosts, the sub
tutional Oh site symmetry of Yb21 becomes in principle
lowered to C2v due to the charge-compensating catio
vacancy attached in thê110& direction. However, the pertur
bation from this vacancy on the optical transition is negli
bly small, because the excited state electronic orbi
interact predominantly with the oppositely charged six ne
est neighbor anions. Consequently, theoretical treatm
with an Oh crystal field are quite appropriate,12,13 and yield
very similar results as for Yb21 without vacancy in divalent
ionic crystals,14 such as SrCl2.

Figure 1~b! illustrates schematically the result of calcul
tions with an Oh crystal field of appropriately chose
strength: According to the Hund’s rule the 4f 14 ground state
is of A1g symmetry and therefore only transitions to th
18 (5d) states withT1u symmetry are allowed and give con
tributions to the absorption spectrum. We mark~following
Ref. 13! these phonon-broadened bands by bold alphab
notation~A,B, . . . , for absorption andA for emission!. The
lowest energy3P2 term forms twoEu andT2u states of very
small separation and hence absorption (A* ) and emission
(A* ) transitions betweenA1g and these states should in prin
ciple be forbidden.

How do these theoretical predictions compare with e
perimental results? Figure 1~c! shows the uv-visible absorp
tion spectra of Yb21 defects, measured~with a Cary 17D
spectrometer! for low Yb21 concentrations in four differen
hosts at 15 K. Our measured Yb21 spectra in Fig. 1~c! agree
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quite closely with the absorption results reported and p
tially analyzed in earlier papers.12,13,15Characteristic to these
systems is a multiband structure~labeledA,B,C, . . . ! which
changes only by small shifts or broadening effects under h
material variation NaCl, KCl, RbCl, and KBr. Most of thes
observed bands can be explained and fitted quite wel
position and strength by 4f 14→4 f 135d transitions of Yb21

in an Oh crystal field, whose strength parameterDq varies
only slightly ~around Dq '1200 cm21) in these four
hosts.12 Exceptions from this statement are the observedG
band and the question-marked band betweenB andC, which
cannot be fitted by this model. Their different origin is co
firmed by our observation in Fig. 1~c! that their position and
strength change strongly under host variation. Presence
behavior of these bands is most likely due to covalency,
a partial transfer of charge from the neighboring anions
the Yb21 defect. We will treat this effect in more detail i
Sec. III when discussing the drastic changes of optical tr
sitions by neighboring CN2 ions.

In part ~d! of Fig. 1 we summarize the Yb21 emission
spectra in the four hosts at 15 K, produced by excitation
310 nm with a pulsed excimer-dye laser, and detected wi
Si detector behind an ARIES FF250 spectrograph. Only
the NaCl host, this emission spectrum has been observ13

and interpreted16 in previous works. It consists at low T o
two emission bandsA andA* ~called I and II bands in Ref
16!. The strongA emission band is the mirror image of th
A-absorption band around a common zero-phonon l
Separated from theA emission by;2000 cm21 or 250 meV
appears a weak emission band (A* ). The qualitative inter-
pretation in NaCl can be easily understood from the le
scheme in Fig. 1~b!: After excitation into any of the highe
absorption bands (B,C, . . . ) the system relaxes nonradia
tively into the lowestT1u state. Originating from this stat
the strongA emission with a fast radiative rate (; ms) is
observed. At low temperature only a small fraction of io
relaxes nonradiatively into theEu andT2u states resulting in
a weakA* emission with a slow ratetA* '73102 sec21.

In addition to the full agreement with these earlier resu
in NaCl, Fig. 1~d! shows for the KBr host basically the sam
(A emission dominated! behavior as in NaCl. In contrast t
this, theA→A* relaxation is obviously much more efficien
in KCl and RbCl, eliminating nearly totally theA emission
on the expense of a strongA* emission. Observation of thi
symmetry-forbiddenA* emission (Eu and T2u→A1g), en-
couraged our attempt to detect also the oppositeA* absorp-
tion process~never reported in any previous paper!. We tried
this for Yb21 in NaCl, KCl, and KBr hosts, whose strongA
band absorptions at 15 K are shown in Fig. 2~a!. When cre-
ating a large~100–2500! ‘‘amplification factor’’ by use of
thicker crystals with higher @Yb21# concentrations
(;1023), we observe indeed in all three cases a weakA*
absorption shown in Fig. 2~b!. The obtained energy separ
tion of theA andA* absorptions (;280 meV) is very simi-
lar to that of theA andA* emission shown in Fig. 1~d!. For
NaCl, theA/A* integrated absorption ratio of;400 in Fig.
2 agrees closely with the;500 ratio ofA/A* emission rates
measured at 20 K in Ref. 16. The higher absorption ra
(; 3000 and 1000! in KCl and KBr, respectively, observe
in Fig. 2, predict similarly higher ratios ofA/A* emission
rates in these hosts. Different from the low-resolution surv
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measurements in Fig. 1~c!, the high spectral resolution use
in Fig. 2 reveals resolved vibronic substructure of the a
sorptions due to the rather weak electron-phonon coupl
This has been extensively measured and analyzed for thA
band in terms of coupling to pseudo-localized modes.15 For
the A* absorption we find a similar vibronic structure r
flecting a coupling to modes with frequencies equal with
experimental error to the ones observed for theA absorption
(;210 cm21 in NaCl and KCl, and quite smalle
;115 cm21 in KBr!.

C. Yb2¿:„CNÀ
…n defect complexes in alkali-halide hosts

1. Absorption and emission spectra

In contrast to the very small variation of Yb21 absorp-
tion and emission spectra in four different hosts, Figs
and 4 show their drastic changes under substitution of h
anions by CN2 ions. In Fig. 3 we illustrate the absorptio
and emission spectra of Yb21 in @KCl#12x@KCN#x and
@KBr#12x@KCN#x hosts under variation ofx in four steps
from x50 ~pure KCl or KBr! to x51 ~pure KCN!. All these
results were obtained at 15 K~except the case ofx51, mea-
sured at 190 K due to the strong light scattering by the e
tically ordered domains of KCN below 168 K!. For easy
comparison in Fig. 3 each measured spectrum is normal
to the @Yb21# concentration of about 1024. For x51023

new, weak, and quite broad Yb21 related absorption band

FIG. 2. Absorption spectra of theA and A* ~expanded scale!
bands for isolated Yb21 defects in NaCl, KCl, and KBr hosts atT
515 K.



or

r-

6568 PRB 61C. P. AN, VOLKMAR DIEROLF, AND FRITZ LUTY
FIG. 3. Absorption and emission spectra f
4 f 14→4 f 135d electronic transitions of
Yb21:(CN2)n defect complexes in KCl~a! and
KBr ~b! hosts atT515 K under@CN2# concen-
tration variation. Absorption intensities are no
malized to@Yb21#51024.
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appear at the low energy side of theA band from isolated
Yb21. Optical excitation of this sample at; 310 nm pro-
duces the ‘‘blue’’ A* emission at; 450 nm typical for
isolated defects~shown in Fig. 1!. On the other hand, exci
tation at;430 nm within the new absorption bands yields
new very bright emission ‘‘orange’’ with a maximum a
;580 nm. This behavior reflects the fact that for smalx
most of Yb21 ions still exist in this host crystal as isolate
defects; only a small amount of Yb21 ions form defect pairs
with CN2 ions as neighbors. Assuming that the complex
involve only a single CN2 ion and the total oscillator
strengths of the absorption remains unchanged, we ob
an estimated concentration ratio of@Yb21:CN2#/
@ isolated Yb21# slightly higher than expected from statistic
As x increases to 0.04, the new absorption bands bec
stronger and extend to even lower energies. Optical exc
tion of this sample at;460 nm and;590 nm produces a
‘‘red’’ emission at;780 nm. For the pure KCN host with
s

in

e
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the maximum value ofx the most drastic spectral changes a
observed yielding for the lowest energy absorption ban
peak position at 2.2 eV and an emission at 1.1 eV. In t
case all Yb21 defects are surrounded byn56 CN2 neigh-
bors, i.e., we only have Yb21:(CN2)6 complexes. Overall,
we observe the clear trend that the red shift of absorption
emission increases with concentration of CN2 ions and
hence with the numbern of CN2 neighbors for the Yb21

ions.
The absorption and emission spectra in NaCl and R

shown in Fig. 4 are very similar to those in KCl and KB
again revealing an almost identical shift of the transition e
ergies under increasing@CN2# concentration. As the only
major difference we note that the amount of isolated Yb21

ions is considerably higher in NaCl compared to the ot
host materials. The reason for this are two facts, mentio
already in Sec. II A. As Yb21 is of nearly equal ionic size a
Na1, isolated Yb21 ions can enter from the melt into th
or

r-
FIG. 4. Absorption and emission spectra f
4 f 14→4 f 135d electronic transitions of
Yb21:(CN2)n defect complexes in NaCl~a! and
RbCl ~b! hosts atT515 K under@CN2# concen-
tration variation. Absorption intensities are no
malized to@Yb21#51024.
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FIG. 5. Excitation spectra of blue, orang
red, and infrared emissions atT515 K. ~a!
KCl1231024Yb2111023CN2 ~high @Yb21#
and low @CN2#) and ~b! KCl1431025Yb21

1531023CN2 ~low @Yb21# and high@CN2#).
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solid with high distribution coefficient for NaCl, but ar
much more rejected in K1 and Rb1 halides due to ‘‘size
misfit.’’ On the other hand Yb21-CN2 pairs which exist al-
ready in the melt, enter best into the solid when their pa
size fits well into that of two neighboring lattice ions. Th
leads, e.g., in RbCl hosts to a;4 times higher distribution
coefficient for pairs compared to isolated Yb21 ions.

For a more systematic analysis of the spectral shifts,
necessary to decompose the measured absorption and
sion spectra into the individual spectra of Yb21: (CN2)n
complexes with a certainn value. This decomposition can b
achieved by excitation spectra of the characteristic emiss
in combination with an analysis of the changes in absorp
caused by thermal treatment. Due to the observed similar
among the studied host materials we concentrate in the
lowing only on KCl.

2. Excitation spectra

Figure 5 shows the excitation spectra for two differe
samples. In~a! we have high@Yb21# and rather low@CN2#
concentration, and in~b! vice versa. In both cases emissio
from all characteristic spectral regions can be observe
blue ~;450 nm!, orange~;550 nm!, and red~;750 nm!.
However, the excitation spectra show significant differenc
For the case of high@Yb21# and low@CN2# in Fig. 5~a!, the
two bands related to theA and B absorptions in Fig. 1~c!
remain for all four emissions the dominant excitation pea
As the probe emission wavelength is changed from blue→
orange→ red only fairly weak additional features appear
form of some small bands at lower energies. This sugg
for this sample isolated Yb21 defects as the dominant cente
with small enough mean distance to allow efficient reson
energy transfer among them and energy trapping in
Yb21:(CN2)n defect complexes. These processes are dra
cally suppressed for lower@Yb21#, so that the excitation
spectra should better represent the absorption of centers
differentn value. Indeed, the spectra for the sample with l
@Yb21# and high@CN2# in Fig. 5~b! show characteristically
different shapes, and we can make intuitively the followi
assignment: bluen50, orangen51, red n>2 which we
-
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will discuss and justify below. The excitation spectra of t
CN2 vibrational luminescence~VL ! in the infrared;5 mm
~Fig. 5! resemble the ones for the red emission in bo
samples. From that we conclude, that red emission and
originate from the same defect complex. Obviously, theE-V
energy transfer between Yb21 and CN2 takes place mainly
in the defect complexes with highern (n>2).

3. Thermal treatments

Thermal treatments are used to partially convert one
fect complex into another one providing further useful info
mation for the decomposition of absorption spectra. As o
type of sample we used the crystals which were slowly
nealed from the crystal melting point to RT just after crys
growth and subsequently stored for some time (;weeks) at
RT. The measured low temperature absorption spectra
these samples~Fig. 6! are compared to the one obtained ju
after fast quenching from;150 °C. For the KCl sample
with 431025Yb21 and 531023CN2 we easily see that the
absorption of isolated Yb21 increases, while the absorptio
of more complex defects decreases. However, the total i
grated absorption intensity does not change after ther
quenching. From these experiments, we can obtain the
lowing important information.

~a! The defect complexes of Yb21:(CN2)n can be con-
verted partially into simpler forms by a thermal energy
;150 °C. Obviously, the binding energy between Yb21 and
CN2 in KCl hosts is rather weak and similar as for pairs
rare earth defects in alkali halides.17

~b! The integrated oscillator strengths of Yb21 ions are
similar, as assumed already above, for the isolated form
for the Yb21:(CN2)n defect complexes.

~c! Already at RT a slow center aggregation takes pla
forming preferentially (CN2)n related Yb21 complexes.

These properties are very similar to F center systems r
ing the hope that in analogy to these a controlled photo
duced aggregation of Yb21:(CN2)n complexes should be
possible. Unfortunately, all attempts in this direction ha
been unsuccessful so far.
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4. Decomposition of absorption spectra into Yb2¿:(CNÀ)n

Using the excitation spectra and the thermal treatme
we decompose the absorption spectra into differ
Yb21:(CN2)n defect complexes. This enabled us to separ
the absorption contribution from three groups withn50,1,
andn>2, showing the results in Fig. 7. The obtained spec
are in good agreement with the blue, orange, and red ex
tion spectra, respectively from Fig. 5~b!. The resulting ab-
sorption spectrum for the simple Yb21:CN2 defect complex
~middle one of Fig. 7! consists of several bands and strong
resembles the spectrum for isolated Yb21 defects ~bands
A–F! just shifted to lower energies by 0.35–0.5 eV. Sim
larly, it can be seen that the whole absorption spectrum sh
further as then value increases, although a distinction b
tween the absorption contributions of the complexes withn
52 and (n>3) is very difficult. A crude estimate we ca
obtain by comparing the decomposed absorption spectra
samples with high and low@CN2# concentration. We find
that the transition energy of Yb21:(CN2)2 shifts by
;0.35 eV compared to that of Yb21:CN2, while the ab-
sorption bands of the more complicated complexes (n>3)
shift even further to lower energies. As the end-point on
variation we take the defect complex of Yb21:(CN2)6 mea-
sured directly without decomposition for pure KCN. Th
lowest energy band of its electronic absorption is located
;2.2 eV ~see Fig. 3!, which is about 1.1 eV lower than th
A absorption band of isolated Yb21 ions (n50). Therefore,
the average shift of the lowest energy level for the allow
transitions is about 0.2 eV(;1600 cm21) when then value

FIG. 6. Absorption spectral change of KCl1431025Yb2115
31023CN2 at T515 K before~solid line! and after~broken line!
thermal quenching from 150 °C. The absorption bands of isola
Yb21 defects increase after quenching.
s,
t

te

a
ta-

ts
-

or

at

d

increases by 1. However, since the energy shifts forn50
→1, 1→2, and 2→3 are larger than the average, we expe
that the energy shifts forn53→4, 4→5, and 5→6 are
smaller than the average value. For that reason, the abs
tion bands of Yb21:(CN2)n defect complexes withn54,5,
and 6 found in samples with high@CN2# are expected to
spectrally overlap with each other more and more makin
decomposition of the absorption spectra in such samples
possible. Similar conclusion about the spectral shifts can
drawn from the emission spectra obtained in high
CN2-doped samples which exhibit a smooth~not stepwise!
shift towards lower energies with decreasing excitation
ergy.

III. DISCUSSION AND SUMMARY

In this final section we discuss the drastic shift of t
Yb21 transition energy due to the CN2 neighbors. Sinceab
initio quantum-chemical calculations of the electronic ene
levels are very complicated and beyond the scope of
paper, we apply here the more phenomenological appro
of the ligand field theory which was developed in details
transition metal-ion complexes.18,19 This approach to trea
our defect system as a single entity~‘‘pseudomolecule’’! is
further motivated by our observation that similar spect
absorption shifts of Yb21:CN2 complexes are observed i

d FIG. 7. Absorption spectrum of KCl1431025Yb2115
31023CN2 at T515 K is decomposed into three components
isolated Yb21,Yb21:CN2, and Yb21:(CN2)n with n >2. These
decomposed components are compared to the excitation spec
Fig. 5~b!.
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the melt~see Sec. II A! as well as in aqueous solution. Fo
lowing the usual procedure we determine first the pheno
enological ligand field strengthDq for our complexes, and
then try to explain their sizes with semi-quantitative arg
ments.

A. Ligand field strength

As mentioned above, the ligand field theory has been
plied with different kinds of modifications for the isolate
Yb21 in alkali halides by several authors,12,14,20yielding an
almost host-independent ligand field strength parameterDq
of ;1200 cm21. Unfortunately, a similar crystal field
analysis for our Yb21:(CN2)n is not possible because th
absorption spectra could not be decomposed completely
the contribution of the different complexes over a su
ciently large spectral range. For this reason we restrict o
selves to a semiquantitative comparison based on the
lished energy level schemes, considering only the low
lying transition~i.e., A band in absorption!.

The measured energy positions of theA bands for our
Yb21:(CN2)n complexes are plotted on the left axis in Fi
8 as a function ofn. This measuredA position can be con-
verted into the ligand field strength parameterDq with the
help of the calculated energy level diagrams~e.g., Fig. 1 of
Ref. 20!. Unfortunately, the published level schemes do
extent to large enough values to directly find theDq for n
56 in pure KCN. For approximation, the lowest ener
level curve is extrapolated linearly beyond the limit of t
figure (Dq51800 cm21), and theDq values of our com-
plexes are shown on the right axis of Fig. 8. The obtain
value ofDq'3450 cm21 for the Yb21:(CN2)6 defect com-
plex represents an increase ofDq by a factor of;3 under
exchange of the 6 ligands from Cl2 or Br2 to CN2.

Here we encounter again the assignment problem of thn
values to the absorption bands of our complexes. First
test all possible integers from 0 to 6 with increasing@CN2#

FIG. 8. Decrease of theA band absorption energy Yb21 versus
the number of nearest-neighbor CN2 ions in KCl. Their relation is
fitted well to an exponential curve.
-
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concentration. In this case, the experimental data (d) can
then be fitted to a phenomenological relation~solid line in
Fig. 8! of the following form:

Dq@cm21#'349022250 exp~20.6n!. ~3.1!

Secondly we could speculate that the smallest comple
formed withn52, similar to these observed for some oth
pairs of divalent cation-molecular defects@e.g., Ca21/OH2

forming Ca(OH)2#.21 Assuming beyond this, that only com
plexes with even numbersn50,2,4,6 are allowed, we obtai
in Fig. 8 with assignments (s) an almost linear behavior o
the form

Dq~n!'
n

6
Dq~6!1S 62

n

6DDq~0! ~3.2!

which is indeed expected for mixed ligands with purely ele
trostatic and hence additive interaction.18 Although the sec-
ond assignment appears attractive at first sight, it is ruled
by the measurements of the vibrational absorption of
complexes.22 Moreover, the ligand-ligand interaction and c
valent bonding effects play a strong role for a large diffe
ence betweenDq(0) andDq(6). These effects yield a behav
ior expressed in Eq.~3.1! with the decreasing role for ever
extra ligand. Beyond this it is evident that for statistical d
tribution of x<231023CN2 ions formation ofn52 com-
plexes with Yb21 ions is an order of magnitude lower tha
for n51 pairs; thermodynamically, then52 complex could
‘‘win the game’’ only by a very strong binding energy, fo
which there is no evidence. In summary of these reasons
adapt~as done already in the previous section! the first as-
signment.

B. Interpretation of the large Dq values

The spectral shifts and resultingDq values for our
Yb21:(CN2)n complexes are very large compared to t
ones observed for other ligands present in different host
terials ~e.g., alkali halides,12,13,17 alkali earth halides,14,23,24

and alkali earth sulphates25!. It reveals the special role of th
CN2 molecule as a partner of metal complexes. The o
observation somewhat resembling our results is a stron
redshifted emission related to photoionization which h
been found23,26 in several host, not including the alkali ha
lides. In those cases no shift of absorption is observed.

This strong defect partner dependence seems very unu
from the viewpoint of the Yb21 defects in solid state mate
rials, but it is well known from metal-ion complexes. Fo
such complex-molecules involving transition metal-ions a
various ligands, a ‘‘spectrochemical’’ series has been emp
cally established by ordering the ligands according to th
contribution to theDq values. In this series, the halide ion
(Cl2,Br2,I2) are on the weak ligand field side where
CN2 ligands are at the other end always causing largeDq .
For instance, in (CrCl6)32 and@Cr(CN)6#32 complexes the
Dq values of 1360 and 2630 cm21 show ;2 times
change which is comparable to our Yb21:(Cl2)6 and
Yb21: (CN2)6 complexes.18 The data leading to the serie
are taken mainly fromd→d transitions of transition metal
ion complexes. However, the series also can be applied
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semiquantitative arguments to the 4f→5d transitions of
Yb21 due to the very small change of 4f states~i.e., 4f
orbitals are shielded by the filled outer shells of 5s and 5p).
Under these conditions, an increase in the splitting of thed
levels will cause a redshift of the lowest excited states. T
phenomenological ‘‘rules’’ of the spectrochemical series
completely consistent with our observation. For a deeper
derstanding of the wide variation of ligand field strength
both purely electrostatic and different chemical bonding
fects must be taken into account.18

In order to get a feeling about the role of the differe
contributions in our system we estimate as a first step
spectral shifts by the electrostatic interaction. Using eq
tions from Ref. 27 we find that they can only be produced
unreasonably large off-center shifts of the CN2 ion away
from the regular lattice site; therefore the electrostatic c
tribution can be ruled out as the sole source for the increa
Dq values. Obviously, our complexes exhibit strong met
ligand exchange,28 covalency and/or charge transfer29 ef-
fects.

As a second step we consider a charge transfer or re
tribution from the CN2 molecules to Yb21 thereby adding
some covalent contribution to the otherwise strongly io
bond between the defect partners. Since firstly the elec
affinity of Yb21 is much larger compared to the ionizatio
energies of CN2 and Cl2 and secondly the Yb21 represents
an effective positive charge within the alkali halide lattic
we expect that the redistribution of electronic charge den
is directed towards the Yb21 ion leading to a decrease of it
effective ionization. To estimate the influence of this effe
we consider in Fig. 9~a! the decrease of Yb21 ionization in

FIG. 9. Energy level diagram of 4f 14→4 f 135d electronic tran-
sitions for ~a! free Ybm1 ions under electronic valence variatio
~from neutral atom to trivalent ion! and ~b! free Yb1 ions under
initial energy state variation.
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the series of free ions and atoms (Yb21→Yb1→Yb0) and
find that indeed the 4f→5d transition energy becomes con
sequently reduced.

In the chemistry of metal ion complexes the covalent co
tribution to a bond is often discussed in terms of the ‘‘neph
lauxetic’’ series which describes the electron cloud exp
sion of a central metal-ion due to neighboring ligands.19 In
this series~which should also hold for 5d levels of rare earth
ions! the halide anions (Cl2 and Br2), are located very close
to the CN2 ion. This seems to rule out our attempt to expla
the strong differences inDq for CN2 and Cl2 ligands by
covalency. However, it was found by Mo¨ssbauer spectra
measurements that while for Eu(CN)2, compared to that of
EuCl2, the bonding character is only slightly more covale
the 5d orbitals of Eu21 are much more participating in th
bonding.30 Such data are not available for Yb21 but it is
reasonable to assume a similar behavior due to their e
tronic similarity. This result encouraged us to consider
influence of the Yb21 orbital involved in the bond. For tha
purpose we show in Fig. 9~b! how the energy of the 4f
→5d transitions is changed when the extra electron of a f
Yb11 ion ~added to Yb21) is in different orbitals. In com-
parison to its occupation of 6s or 6p orbitals, this transition-
energy becomes strongly reduced~by 0.75 or 0.58 eV, re-
spectively! if the electron is in a 5d state. This yields strong
support for an interpretation that our observed largeDq val-
ues are due to a redistribution of charge from the CN2

ligands to the 5d orbital of the Yb21 ion in case of CN2

ligands, whereas for Cl2 and Br2 charge is transferred to th
6s or 6p orbitals. This difference in the nature of the ‘‘bond
ing’’ could also explain the different relative positions o
CN2 and Cl2 in the nephelauxetic and spectrochemical
ries.

In summary, we have experimentally characterized in
tail the observed spectral shifts of the electronic transitio
of Yb21:(CN2)n complexes in alkali halides and discuss
them following the phenomenological ligand field theor
The found largeDq values are consistent with the position
CN2 in the spectrochemical series. More specifically we
terpret the differences inDq for CN2 and Cl2 by the type of
Yb21 orbital (5d or 6s) which is occupied through a charg
redistribution from the respective ligand.

Despite this semiquantitative explanation of the spec
shifts, the question arises why the host-material depende
of the observed spectral changes is small, although in
itively one would expect at first that the charge redistributi
depends considerably on the altered lattice constants. To
derstand this problem, quantum-chemical treatments of
defect complexes must be done more quantitatively wh
take both the charge distributions of the defect partners
the influence of the lattice into account. A promising a
proach could be the method of embedded molecular-clu
calculations which has been successfully used
@Fe31(CN2)6# in NaCl hosts.31

In addition to this, a question arises for the microsco
configuration and the dynamical interaction between de
partners in host lattices. To understand this, we will exte
this work to the vibrational absorption~VA ! of CN2—with
Yb21 partners and the spectroscopy of its vibrational lum
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nescence~VL !, produced byE-V transfer from photo-excited
Yb21 ions.22 Also we will further explore the time depen
dence of theE-V transfer in terms of competition betwee
EL of Yb21 and VL of CN2—under temperature variation

Finally we would like to point out that the possibility t
shift the emission wavelength~by a proper choice of CN2

doping and/or excitation wavelength! over a wide spectra
range makes these defects an attractive system for app
tion as tunable laser sources and as phosphors. This a
becomes even more relevant with the foreseeable wide a
ability of blue laser diodes and LEDs with wavelengt
h

.

a-
ect
il-

(;450 nm) well suited for optical excitation.32 Experiments
in this direction are currently under way.
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