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Optical properties of strongly coupled Yt?* and CN™ ions in alkali halide crystals:
Electronic absorption and emission
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We have studied absorption and emission spectra of th&#44f'%5d electronic transitions of
Yb?*:(CN™), defect complexes in NaCl, KCI, RbCl, and KBr host crystals under concentration variation of
both dopants Yb" and CN. Due to strong coupling between ¥b and (CN),, the YIZ* electronic
transitions shift drastically towards lower energi'em near uv to near jras 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 complexé&s XIEN ), with n=0,1, andn=2. Within
the framework of ligand field theory we can estimate a splitting paranigfers high as-3450 cm'! for the
Yb2*:(CN™)g complexes in KCN, a value three times higher than for isolateti" Yatefects in KCI. These
largeD values can be understood by a comparison with other metal ion complexes and by the special role of
CN™ within the spectrochemical series. For our system we try to interpret the latter by a charge redistribution
from the n CN' molecules to the 8 orbital of their YI¥* defect partner.

[. INTRODUCTION tion) as the most interesting and promising alternative to the
F center for a comprehensive study in four hastaCl, KCl,
Diatomic CN™ molecules substituted into alkali-halide RbCI, and KBjJ. It is particularly challenging to study and
crystals have several unique properties Their concentra- understand coupling anB-V energy-transfer for an elec-
tion x can be continuously increased from isolated defectsronic defect so different in its properties from that Bf
(x<1) up to a perfect molecular sublattice= 1) in several centers. In contrast to the rather extended hydrogenlike wave
hosts.(b) Relaxation of their stretching modat ~5 wm or  functions with strong phonon-coupling Bfcenters, the low-
0.25 eV} occurs mostly as a slowms) radiative process est optical transition of Yb'(4f—5d) occurs between
emitting vibrational luminescencéVL). (c) Neighboring rather compact states of much lower phonon coupling. As its
electronic defects of CN ions can under photo-excitation electronic luminescence Eiproduced by photo excitation of
transfer electronic energy into the Chstretching-mode and its absorption manifoldhas a long { ms) lifetime, study
efficiently produce VL. of the time dependence of energy transfer and EL versus VL
As most suitable electronic defect for procéss the F  competition appears particularly attractive. Much more than
center was first introducedthoroughly investigated with for F center/CN pairs, a strong mutual interaction changes
various technique%;® and developed into the first successful drastically the properties of both individual ¥b and CN-
demonstration of vibrational solid state laSein spite of  partners. We test this by variation of CNconcentratiornx
simplicity and extensive studies of thiscenter/CN defect  over the whole rangéfrom x=0 up to 1, pure KCN Mo-
pair, full understanding of its internd&-V energy transfer tivated by this brief survey, we present this extended work in
mechanism has not yet been achieved. This is due to the fatiiree consecutive parts,
that origin of this energy transfer, caused by strongest mutual (1) Electronic absorptiofEA) and luminescencéEL) of
interaction and change of the individual properties of bothYb?" defects and their drastic change by coupling to one or
partners, occurs only during or after relaxation of the excitednore CN™ partners, starting as a “basis” at=0 and pur-
F center on a time scale so rapidly that it is extremely diffi- suing up tox=1.
cult to be followed experimentally! More recently, several (I) Vibrational absorption(VA) of CN™ in various in
attempts to replace thié center as “energy donor” for the configurations with YB" partners, and spectroscopy of its
CN™ ion by other electronic defects have been started. Sucribrational luminescencéVL), produced by E-V transfer
cessful VL observation of CN has been achieved by excit- from photoexcited YB".
ing the uv absorption of B, TI*, and PB" defects in CN (1) Study of time dependence of the energy transfer in
doped KCI and Kl crystal&® Similarly, Yb*" defects in  terms of competition between EL of ¥b and VL of CN
KCI: CN™ have been reported to show undeB eV exci- and its temperature dependence.
tation a broad VL emission around 4,8m.1° In all these The properties and phenomena described in these three
cases, however, the limitation of datg., lack of kinetics parts are often treated with theoretical models and view-
study and/or spectral VL resolutiprstill prevented under- points originating from different fields of solid state physics
standing of the underlying coupling and energy transferand chemistry. We still will try to unify them and introduce
mechanism. a phenomenological model which expresses the mutual cou-
In this work we have chosen the divalent rare eartB*'Yb pling of the defects and their energy transfer in a common
ion (accompanied by a cation vacancy for charge compensapicture.

0163-1829/2000/610)/65659)/$15.00 PRB 61 6565 ©2000 The American Physical Society



6566 C. P. AN, VOLKMAR DIEROLF, AND FRITZ LUTY PRB 61

Wavelength (nm)
Free |2+ Defect 250 300 400 50 600
lon in Alkali-Halides F T=15K

(- |Absorption|<+>[Emission|
@ o Q)«ie (b)
S

D

(c) : (d)

Y_b2+

g
E 2
= 2
[EE— o
= 2 FIG. 1. 44— 41135( electronic transitions of
H7Sd== - & Yb?" ions: Schematic energy diagram @j free
I g Yb?* ions and(b) isolated YB* in alkali halides.
T g (c) Absorption and(d) emission(excited at 320
3; nm) spectra in NaCl, KCI, RbCI, and KBr hosts
. c atT=15 K
af'™ :
Photon Energy (eV)
In the first part we will start in the following by summa- B. Isolated Yb** defects in alkali-halide hosts
rizing the essential properties of isolated ?Ybdefects in In Fig. 1 we illustrate and summarize the properties of

alkali halides. On tgat basis we will present the experimentalp2+ glectronic states and optical transitions which are most
results for the YB -CN™ complexes which will be dis-  ggsential for this work. It is well established for free 2Yb
cussed in the final discussion section. ions!! that the lowest allowed optical transitions from its
closed-shell 4% ground state take pladwith different rela-
tive strengths into the numerous sublevels of thef*45d
[l. EXPERIMENTAL RESULTS excited statdFig. 1(a)]. When substituted as a defect in an
ionic crystal, the strong electro-static forces on these states
from the “point-ion” crystal field of strengttD, and sym-

All Yb2* doped crystals studied in this work were grown metry must be considered. In alkali-halide hosts, the substi-
in the Utah Crystal Growth Lab by the Kyropolous techniquetutional Oy, site symmetry of YB" becomes in principle
under hydrogen gas treatment, which converted the trivaledbwered to C,, due to the charge-compensating cation-
Yb3* supplied by the used Ybgbr YbBr; doping material ~ vacancy attached in th@10 direction. However, the pertur-
into the divalent form. For codoping with CNmolecules, bation from this vacancy on the optical transition is negligi-
pure alkali-cyanide powdefof the same cation as the host bly small, because the excited state electronic orbitals
materia) was used. In many cases this material was added iffiteract predominantly with the oppositely charged six near-
one or two consecutive steps during crystal growth to théSt neighbor anions. Consequently, theoretical treatments
melt yielding, e.g., an Y&" doped crystal which contains in With an Oy, crystal field are quite appropriaté;®and yield
part(A) no CN™ and in partB) and(C) increasing amounts Very similar re45ults as for Yb without vacancy in divalent
of codoped CN. The simple “observation with the eye” of '0N'C crystals, such as SrGl
change from totally uncolored transparency to increasing. F|gur¢ 1D) illustrates schgmaﬂcally the re§ult of calcula-
yellow coloration among crystal parts A, B, and C was lons W'_th an O_h crystal f'eld,Of appro]pﬁrlately chosen
matched by observing the same change in color occurrinitrength' According to the Hund's rule thé™2 ground state

. . of Ay, symmetry and therefore only transitions to the
already in the melt by CN codoping. For the extreme case 19 ; ) i
of Yb?* doped pure KCN as host both the melt and the18 (5d) states withT;,, symmetry are allowed and give con

. _ ) tributions to the absorption spectrum. We maf@llowing
resulting crystal appear nearly intransparent with a strong, ¢ 13 these phonon-broadened bands by bold alphabetic
brown color. The mole concentration of defects in relevamnotation(A B, ..., for absorption and for emission. The
crystal parts were determined forb?*] by flame emission  |4\yest energy?P, term forms twoE, andT,, states of very
analysis, and fofCN" ] by infrared absorption of its funda-  sma)| separation and hence absorptigkt) and emission
mental or second harmonic stretching mode. The "distribua) transitions betweeA,, and these states should in prin-
tion coefficient” (ratio of concentration in crystal and melt ciple be forbidden.

obtained from doping with Y&" alone, varies strongly with How do these theoretical predictions compare with ex-
the cation size of the host, yielding 0.2 for NaCl, 0.05 for perimental results? Figurdd shows the uv-visible absorp-
KCI, and 0.01 for RbCI. In the latter three hosts we foundtion spectra of YB" defects, measuretith a Cary 17D
considerable increases of these val(gsto a factor #when  spectrometerfor low Yb?* concentrations in four different
codoping the melt with increasing amounts of TN hosts at 15 K. Our measured ¥bspectra in Fig. (c) agree

A. Crystal growth and sample characterization
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quite closely with the absorption results reported and par- Wavelength (nm)

tially analyzed in earlier papefé**°Characteristic to these go S0 380 400 420 440
systems is a multiband structuflabeledA,B,C, . . .) which

changes only by small shifts or broadening effects under hos NaCl:Yb2*
material variation NaCl, KCI, RbCl, and KBr. Most of these aCl:Yb
observed bands can be explained and fitted quite well in g4l
position and strength by f4*—4f35d transitions of YB"

in an Oy, crystal field, whose strength parametgg varies
only slightly (around D, ~1200 cm') in these four
hosts!? Exceptions from this statement are the obser@ed a0 ":OX

band and the question-marked band betwBemdC, which
cannot be fitted by this model. Their different origin is con-
firmed by our observation in Fig.(d) that their position and
strength change strongly under host variation. Presence an KCl:Yb**
behavior of these bands is most likely due to covalency, i.e.,

a partial transfer of charge from the neighboring anions to

the YB?* defect. We will treat this effect in more detail in

Sec. Il when discussing the drastic changes of optical tran-

301 -
2500
sitions by neighboring CN ions. 20| | -
In part (d) of Fig. 1 we summarize the Y emission
spectra in the four hosts at 15 K, produced by excitation at
310 nm with a pulsed excimer-dye laser, and detected with & KBr:Yb**
Si detector behind an ARIES FF250 spectrograph. Only for 41 |
the NaCl host, this emission spectrum has been obsErved
and interpretetf in previous works. It consists at low T of 50‘0><
I

-1

Absorption Coefficient (cm

two emission bandé andA* (called | and Il bands in Ref.

16). The strongA emission band is the mirror image of the T O oo oY

A-absorption band around a common zero-phonon line. Ry S Y Sy 30 29 28

Separated from tha emission by~2000 cm ! or 250 meV Photon Energy (eV)

appears a weak emission ban&*(). The qualitative inter- ) .

pretation in NaCl can be easily understood from the leve| FIG. 2. Absorption spectra of tha and A* (expanded scale

scheme in Fig. (b): After excitation into any of the higher bands for isolated Y& defects in NaCl, KCI, and KBr hosts at

absorption bandsg,C, ...) thesystem relaxes nonradia- =15 K.

tively into the lowestT, state. Originating from this state o ) .

the strongA emission with a fast radiative rate-( us) is _meqsurements in Fig(d), the.hlgh'spectral resolution used

observed. At low temperature only a small fraction of ionsin Fig- 2 reveals resolved vibronic substructure of the ab-

relaxes nonradiatively into thE, andT,, states resulting in SOTPtions due to the rather weak electron-phonon coupling.

a weakA* emission with a slow rate,.~7x 107 sec .. This has been extensively measured and analyzed foh the
In addition to the full agreement with these earlier results?@nd in terms of coupling to pseudo-localized motfeSor

in NaCl, Fig. Xd) shows for the KBr host basically the same the A* absorption we find a similar vibronic structure re-

(A emission dominatedbehavior as in NaCl. In contrast to erctln_g a coupling to modes with frequencies equal _Wlthln

this, theA— A* relaxation is obviously much more efficient experlmenEellI error to the ones observed forAhabsorption

in KCI and RbCl, eliminating nearly totally tha emission ~(~210 cm © in NaCl ‘and KCl, and quite smaller

on the expense of a strorg emission. Observation of this ~115 ¢m = in KBr).

symmetry-forbiddenA* emission E, and To,—Aqg), en-

couraged our attempt to detect also the oppositeabsorp- C. Yb?*:(CN7), defect complexes in alkali-halide hosts
tion procesgnever reported in any previous papai/e tried _ o

this for YB?" in NaCl, KCI, and KBr hosts, whose strory 1. Absorption and emission spectra

band absorptions at 15 K are shown in Figg)2When cre- In contrast to the very small variation of ¥b absorp-

ating a large(100—2500 “amplification factor” by use of tion and emission spectra in four different hosts, Figs. 3
thicker crystals with higher [Yb?*] concentrations and 4 show their drastic changes under substitution of host
(~10%), we observe indeed in all three cases a waadk anions by CN ions. In Fig. 3 we illustrate the absorption
absorption shown in Fig.(B). The obtained energy separa- and emission spectra of ¥b in [KCI];_,KCN], and

tion of theA andA* absorptions 280 meV) is very simi- [KBr],;_,[ KCN], hosts under variation ok in four steps

lar to that of theA andA* emission shown in Fig.(#). For  from x=0 (pure KCI or KBp to x=1 (pure KCN. All these
NaCl, theA/A* integrated absorption ratio 6f400 in Fig.  results were obtained at 15 (€xcept the case of=1, mea-

2 agrees closely with the 500 ratio ofA/A* emission rates sured at 190 K due to the strong light scattering by the elas-
measured at 20 K in Ref. 16. The higher absorption ratiogically ordered domains of KCN below 168)KFor easy

(~ 3000 and 100pin KCI and KBr, respectively, observed comparison in Fig. 3 each measured spectrum is normalized
in Fig. 2, predict similarly higher ratios oA/A* emission to the [Yb?"] concentration of about 1¢. For x=10"3
rates in these hosts. Different from the low-resolution surveynew, weak, and quite broad Yb related absorption bands
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FIG. 3. Absorption and emission spectra for
4f%4f%d  electronic  transitions  of
Yb2*:(CN™), defect complexes in KCia) and
KBr (b) hosts aff=15 K under[CN™] concen-
tration variation. Absorption intensities are nor-
malized to[ Yb?*]=10"4.
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appear at the low energy side of tAeband from isolated the maximum value of the most drastic spectral changes are
Yb2*. Optical excitation of this sample at 310 nm pro- observed yielding for the lowest energy absorption band a
duces the “blue” A* emission at~ 450 nm typical for peak position at 2.2 eV and an emission at 1.1 eV. In this
isolated defectgshown in Fig. 1. On the other hand, exci- case all YB* defects are surrounded ly=6 CN™ neigh-
tation at~430 nm within the new absorption bands yields abors, i.e., we only have Yi:(CN™)s complexes. Overall,
new very bright emission “orange” with a maximum at we observe the clear trend that the red shift of absorption and
~580 nm. This behavior reflects the fact that for small emission increases with concentration of TNons and
most of YIF" ions still exist in this host crystal as isolated hence with the numben of CN™ neighbors for the Yh"
defects; only a small amount of ¥b ions form defect pairs ions.

with CN™ ions as neighbors. Assuming that the complexes The absorption and emission spectra in NaCl and RbCl
involve only a single CN ion and the total oscillator shown in Fig. 4 are very similar to those in KCIl and KBr,
strengths of the absorption remains unchanged, we obtaimgain revealing an almost identical shift of the transition en-
an estimated concentration ratio of Yb?":CN~]/ ergies under increasingCN™] concentration. As the only
[isolated YB*] slightly higher than expected from statistics. major difference we note that the amount of isolated Yb
As x increases to 0.04, the new absorption bands becomiens is considerably higher in NaCl compared to the other
stronger and extend to even lower energies. Optical excitéhost materials. The reason for this are two facts, mentioned
tion of this sample at-460 nm and~590 nm produces a already in Sec. Il A. As Yb' is of nearly equal ionic size as
“red” emission at~780 nm. For the pure KCN host with Na', isolated YB* ions can enter from the melt into the
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FIG. 4. Absorption and emission spectra for
4f%4f585d  electronic  transitions  of
Yb2*:(CN™), defect complexes in NaGh) and
RbCl (b) hosts afT=15 K underf CN™] concen-
tration variation. Absorption intensities are nor-
malized to[ Yb?*]=10"%.
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solid with high distribution coefficient for NaCl, but are will discuss and justify below. The excitation spectra of the
much more rejected in K and RE halides due to “size CN~ vibrational luminescenc@/L) in the infrared~5 um
misfit.” On the other hand Yb"-CN™ pairs which exist al- (Fig. 5 resemble the ones for the red emission in both
ready in the melt, enter best into the solid when their pairsamples. From that we conclude, that red emission and VL
size fits well into that of two neighboring lattice ions. This originate from the same defect complex. Obviously, ¥

leads, e.g., in RbCI hosts to-a4 times higher distribution energy transfer between ¥b and CN™ takes place mainly
coefficient for pairs compared to isolated /bions. in the defect complexes with higher (n=2).

For a more systematic analysis of the spectral shifts, it is
necessary to decompose the measured absorption and emis-
sion spectra into the individual spectra of &b (CN7), 3. Thermal treatments

complexes with a certain value. This decomposition canbe  Thermal treatments are used to partially convert one de-
achieved by excitation spectra of the characteristic emissiongt complex into another one providing further useful infor-
in combination with an analysis of the changes in absorptionnation for the decomposition of absorption spectra. As one
caused by thermal treatment. Due to the observed similariti(:‘:@,pe of sample we used the crystals which were slowly an-
among the studied host materials we concentrate in the folieajed from the crystal melting point to RT just after crystal
lowing only on KClI. growth and subsequently stored for some timeneks) at
RT. The measured low temperature absorption spectra of
these sampled-ig. 6) are compared to the one obtained just
Figure 5 shows the excitation spectra for two differentafter fast quenching from-150 °C. For the KCI sample
samples. In(a) we have higH Yb?*] and rather off CN™]  with 4x 107 °Yb?" and 5x 10 3CN~ we easily see that the
concentration, and i) vice versa. In both cases emission absorption of isolated Y& increases, while the absorption
from all characteristic spectral regions can be observed—ef more complex defects decreases. However, the total inte-
blue (~450 nm), orange(~550 nm), and red(~750 nn). grated absorption intensity does not change after thermal
However, the excitation spectra show significant differencesguenching. From these experiments, we can obtain the fol-
For the case of highYb?" ] and low[ CN™ ] in Fig. 5a), the  lowing important information.
two bands related to th& and B absorptions in Fig. (t) (a) The defect complexes of ¥b:(CN™), can be con-
remain for all four emissions the dominant excitation peaksverted partially into simpler forms by a thermal energy of
As the probe emission wavelength is changed from blue ~150°C. Obviously, the binding energy betweer?Ytand
orange— red only fairly weak additional features appear in CN™ in KCI hosts is rather weak and similar as for pairs of
form of some small bands at lower energies. This suggestsre earth defects in alkali halidés.
for this sample isolated Y& defects as the dominant centers  (b) The integrated oscillator strengths of ¥bions are
with small enough mean distance to allow efficient resonansimilar, as assumed already above, for the isolated form and
energy transfer among them and energy trapping in raréor the YI#*:(CN™), defect complexes.
Yb?*:(CN™), defect complexes. These processes are drasti- (c) Already at RT a slow center aggregation takes place
cally suppressed for lowefYb?*], so that the excitation forming preferentially (CN), related YB* complexes.
spectra should better represent the absorption of centers with These properties are very similar to F center systems rais-
differentn value. Indeed, the spectra for the sample with lowing the hope that in analogy to these a controlled photoin-
[Yb?"] and high{CN™] in Fig. 5b) show characteristically duced aggregation of Y5:(CN~), complexes should be
different shapes, and we can make intuitively the followingpossible. Unfortunately, all attempts in this direction have
assignment: bluem=0, orangen=1, redn=2 which we been unsuccessful so far.

2. Excitation spectra
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Yb®" defects increase after quenching. x1073CN™ at T=15 K is decomposed into three components of

isolated YB",Yb?":CN™, and YB*:(CN™), with n =2. These

decomposed components are compared to the excitation spectra of
4. Decomposition of absorption spectra into ¥b(CN™), Fig. 5(b).

Using the excitation spectra and the thermal treatments,
we decompose the absorption spectra into different
Yb2*:(CN"), defect complexes. This enabled us to separatéicreases by 1. However, since the energy shiftsnfer0
the absorption contribution from three groups witk0,1, —1,1—2, and 23 are larger than the average, we expect
andn=2, showing the results in Fig. 7. The obtained spectrahat the energy shifts fon=3—4, 4-5, and 5-6 are
are in good agreement with the blue, orange, and red excitsmaller than the average value. For that reason, the absorp-
tion spectra, respectively from Fig(l5. The resulting ab- tion bands of YB*:(CN™),, defect complexes with=4,5,
sorption spectrum for the simple Yb:CN~ defect complex and 6 found in samples with highCN™] are expected to
(middle one of Fig. Y consists of several bands and strongly spectrally overlap with each other more and more making a
resembles the spectrum for isolated ?Ybdefects (bands ~decomposition of the absorption spectra in such samples im-
A—F) just shifted to lower energies by 0.35-0.5 eV. Simi- possible. Similar conclusion about the spectral shifts can be
larly, it can be seen that the whole absorption spectrum shiftgrawn from the emission spectra obtained in highly
further as then value increases, although a distinction be-CN™-doped samples which exhibit a smodtiot stepwisg
tween the absorption contributions of the complexes with shift towards lower energies with decreasing excitation en-
=2 and ©=3) is very difficult. A crude estimate we can €rgy.
obtain by comparing the decomposed absorption spectra for
samples with high and loyCN™] concentration. We find
that the transition energy of YB:(CN7), shifts by
~0.35 eV compared to that of ¥H:CN~, while the ab- In this final section we discuss the drastic shift of the
sorption bands of the more complicated complexes 8) Yb?" transition energy due to the CNneighbors. Sincab
shift even further to lower energies. As the end-pointhof initio quantum-chemical calculations of the electronic energy
variation we take the defect complex of ¥ (CN~)s mea- levels are very complicated and beyond the scope of this
sured directly without decomposition for pure KCN. The paper, we apply here the more phenomenological approach
lowest energy band of its electronic absorption is located abf the ligand field theory which was developed in details for
~2.2 eV(see Fig. 3 which is about 1.1 eV lower than the transition metal-ion complexé&!® This approach to treat
A absorption band of isolated ¥b ions (n=0). Therefore, our defect system as a single entitypseudomolecule’ is
the average shift of the lowest energy level for the allowedurther motivated by our observation that similar spectral
transitions is about 0.2 1600 cm ') when thenvalue  absorption shifts of Y&":CN~ complexes are observed in

Ill. DISCUSSION AND SUMMARY
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' ' ' ' ' ' ] concentration. In this case, the experimental d®@g ¢an
34r 10 then be fitted to a phenomenological relati@olid line in
LR Spectral Position of A Band ] Fig. 8 of the following form:
32\~ W2+, 1
RN KCEYD™:(CN),  pwe0 o D [cm 1]~3490- 2250 exp—0.60).  (3.1)
\ AR 8 q
30- \ N 2
s N N * Measured J2000 3 Secondly we could speculate that the smallest complex is
> val o0 -- Efml_l?g;fﬂ Relation ] b formed withn=2, similar to these observed for some other
g "~ N\ . ] g pairs of divalent cation-molecular defedis.g., CA"/OH™
u \\ ]2 & forming Ca(OH)].? Assuming beyond this, that only com-
g *°r AN S o plexes with even numbers=0,2,4,6 are allowed, we obtain
NG B AN : 5 in Fig. 8 with assignments({) an almost linear behavior of
241 S S 130 3, the form
| T N L n n
| Dq(cm™)=3490 - 2250 - exp{-0.6'n} ] Dy(n)= qu(6)+ 6— 5 Dy(0) 3.2
20— 1 2 3 s 5 6 which is indeed expected for mixed ligands with purely elec-
Number of Nearest CN™ Neighbors n trostatic and hence additive interactithAlthough the sec-

ond assignment appears attractive at first sight, it is ruled out
by the measurements of the vibrational absorption of the
complexes? Moreover, the ligand-ligand interaction and co-
valent bonding effects play a strong role for a large differ-
ence betweeb ,(0) andD4(6). These effects yield a behav-

) _ ior expressed in Eq.3.1) with the decreasing role for every
the melt(see Sec. Il Aas well as in aqueous solution. Fol- gyt14 Jigand. Beyond this it is evident that for statistical dis-
lowing the usual procedure we determine first the phenomfribution of x<2X 10 3CN" ions formation ofn=2 com-

enological ligand field strengt, for our complexes, and 1oy with YB* ions is an order of magnitude lower than
then try to explain their sizes with semi-quantitative argu-tor n=1 pairs; thermodynamically, the=2 complex could
ments. “win the game” only by a very strong binding energy, for
which there is no evidence. In summary of these reasons, we
A. Ligand field strength adapt(as done already in the previous secjitime first as-

. . signment.
As mentioned above, the ligand field theory has been ap- g

plied with different kinds of modifications for the isolated
Yb?* in alkali halides by several authats1*?yielding an
almost host-independent ligand field strength paramieter
of ~1200 cm!. Unfortunately, a similar crystal field The spectral shifts and resultin, values for our
analysis for our YB":(CN™), is not possible because the Yb?*:(CN™), complexes are very large compared to the
absorption spectra could not be decomposed completely intones observed for other ligands present in different host ma-
the contribution of the different complexes over a suffi-terials (e.g., alkali halided?'37 alkali earth halided??324
ciently large spectral range. For this reason we restrict ourand alkali earth sulphat&$. It reveals the special role of the
selves to a semiquantitative comparison based on the puleN™ molecule as a partner of metal complexes. The only
lished energy level schemes, considering only the lowesbbservation somewhat resembling our results is a strongly
lying transition(i.e., A band in absorption redshifted emission related to photoionization which has
The measured energy positions of thAebands for our been found>?®in several host, not including the alkali ha-
Yb2*:(CN™), complexes are plotted on the left axis in Fig. lides. In those cases no shift of absorption is observed.
8 as a function oh. This measured\ position can be con- This strong defect partner dependence seems very unusual
verted into the ligand field strength paramel®y with the  from the viewpoint of the Yb' defects in solid state mate-
help of the calculated energy level diagrafesy., Fig. 1 of rials, but it is well known from metal-ion complexes. For
Ref. 20. Unfortunately, the published level schemes do notsuch complex-molecules involving transition metal-ions and
extent to large enough values to directly find g for n  various ligands, a “spectrochemical” series has been empiri-
=6 in pure KCN. For approximation, the lowest energy cally established by ordering the ligands according to their
level curve is extrapolated linearly beyond the limit of the contribution to theD values. In this series, the halide ions
figure (D,=1800 cml), and theD, values of our com- (CI7,Br~,17) are on the weak ligand field side whereas
plexes are shown on the right axis of Fig. 8. The obtainedCN" ligands are at the other end always causing lddge
value ofD,~3450 cm* for the YI**:(CN™); defect com-  For instance, in (CrG)*®~ and[Cr(CN)s]*~ complexes the
plex represents an increase Df, by a factor of~3 under D, values of 1360 and 2630 cm show ~2 times
exchange of the 6 ligands from Clor Br~ to CN™. change which is comparable to our ¥b(Cl)s and
Here we encounter again the assignment problem ofithe Yb?": (CN™)g complexes® The data leading to the series
values to the absorption bands of our complexes. First ware taken mainly fronl—d transitions of transition metal-
test all possible integers from 0 to 6 with increasjigN™ | ion complexes. However, the series also can be applied for

FIG. 8. Decrease of th& band absorption energy Yb versus
the number of nearest-neighbor CNbns in KCI. Their relation is
fitted well to an exponential curve.

B. Interpretation of the large D values
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the series of free ions and atoms @Yb-Yb"—Yb°) and
find that indeed the #—5d transition energy becomes con-
sequently reduced.

In the chemistry of metal ion complexes the covalent con-
tribution to a bond is often discussed in terms of the “nephe-
lauxetic” series which describes the electron cloud expan-
sion of a central metal-ion due to neighboring ligahdf
9.76eV this serieqwhich should also hold for & levels of rare earth

ions) the halide anions (Cland Br), are located very close

to the CN ion. This seems to rule out our attempt to explain
cyhdl the strong differences iD, for CN™ and CI" ligands by
covalency. However, it was found by sbauer spectral
measurements that while for Eu(Cj\)compared to that of

(a) Free lon
Yb Monovalent Divalent Trivalent

(b) Free Yb" lon Erde EuCl, the bonding character is only slightly more covalent
4t>5d Transitions the 5d orbitals of EG* are much more participating in the
| | bonding® Such data are not available for ¥b but it is
af’sd® 3%V 5 daev reasonable to assume a similar behavior due to their elec-
tronic similarity. This result encouraged us to consider the
sf7vdes 273eV 2.56ev =m‘ influence of the YB' orbital involved in the bond. For that
ai'sa N i purpose we show in Fig.(B) how the energy of the #

3.31ev 3.36eV —5d transitions is changed when the extra electron of a free

, Yb!* ion (added to YB™) is in different orbitals. In com-
af'*6s parison to its occupation ofs6or 6p orbitals, this transition-

FIG. 9. Energy level diagram off4*— 4f135d electronic tran- €19y be(.:omes S”O”Q'Y r.educét[y 0.75 or 0258 ev, re-
sitions for (a) free YB"* ions under electronic valence variation spectively if the_ electron '_S in a @ state. This yields strong
(from neutral atom to trivalent ignand (b) free Yb* ions under ~ Support for an interpretation that our observed lebgeval-
initial energy state variation. ues are due to a redistribution of charge from the CN

ligands to the 8 orbital of the YB* ion in case of CN
semiquantitative arguments to thef-45d transitions of ligands, whereas for Cland Br charge is transferred to the
Yb%* due to the very small change off 4states(i.e., 4f 6s or 6p orbitals. This difference in the nature of the “bond-
orbitals are shielded by the filled outer shells sfand 5p).  Nd" could also explain the different relative positions of
Under these conditions, an increase in the splitting of tthe 5 C_:N and CI" in the nephelauxetic and spectrochemical se-

levels will cause a redshift of the lowest excited states. Thig'e‘?' h . tallv ch terized in d
phenomenological “rules” of the spectrochemical series is N summary, we have experimentally characterized in de-

completely consistent with our observation. For a deeper yniail the observed spectral shifts of the electronic transitions

derstanding of the wide variation of ligand field strengths,°f Yb*":(CN"), complexes in alkali halides and discussed
both purely electrostatic and different chemical bonding eftheém following the phenomenological ligand field theory.
fects must be taken into accoufit. The found largeD , values are consistent with the position of
In order to get a feeling about the role of the different CN™ in the spectrochemical series. More specifically we in-
contributions in our system we estimate as a first step thterpret the differences iD, for CN™ and CI" by the type of
spectral shifts by the electrostatic interaction. Using equa¥b2+ orbital (5d or 6s) which is occupied through a charge
tions from Ref. 27 we find that they can only be produced byredistribution from the respective ligand.
unreasonably large off-center shifts of the TNbn away Despite this semiquantitative explanation of the spectral
from the regular lattice site; therefore the electrostatic conshifts, the question arises why the host-material dependence
tribution can be ruled out as the sole source for the increasesf the observed spectral changes is small, although intu-
D4 values. Obviously, our complexes exhibit strong metal-itively one would expect at first that the charge redistribution
ligand exchangé® covalency and/or charge transferf-  depends considerably on the altered lattice constants. To un-
fects. derstand this problem, quantum-chemical treatments of our
As a second step we consider a charge transfer or rediglefect complexes must be done more quantitatively which
tribution from the CN' molecules to YB" thereby adding take both the charge distributions of the defect partners and
some covalent contribution to the otherwise strongly ionicthe influence of the lattice into account. A promising ap-
bond between the defect partners. Since firstly the electroproach could be the method of embedded molecular-cluster
affinity of Yb?" is much larger compared to the ionization calculations which has been successfully used for
energies of CN and CI" and secondly the Y& represents [Fe**(CN™)4] in NaCl hosts™
an effective positive charge within the alkali halide lattice, In addition to this, a question arises for the microscopic
we expect that the redistribution of electronic charge densitgonfiguration and the dynamical interaction between defect
is directed towards the ¥ ion leading to a decrease of its partners in host lattices. To understand this, we will extend
effective ionization. To estimate the influence of this effectthis work to the vibrational absorptiofvA) of CN™—with
we consider in Fig. @) the decrease of Y8 ionization in  Yb?" partners and the spectroscopy of its vibrational lumi-
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nescencéVL ), produced byE-V transfer from photo-excited (~450 nm) well suited for optical excitatiol.Experiments

Yb?* ions?? Also we will further explore the time depen- in this direction are currently under way.

dence of theE-V transfer in terms of competition between

EL of Yb?* and VL of CN"—under temperature variation.
Finally we would like to point out that the possibility to

shift the emission wavelengtfby a proper choice of CN 23230 and DMR 96-32959. One of the authd@.P.A)
doping and/or excitation wavelengtiover a wide spectral thanks Professor H. Nakagawa for useful discussions. V.D.
range makes these defects an attractive system for applicéranks Professors W. von der Osten and A.A. Kaplyanskii
tion as tunable laser sources and as phosphors. This aspegid Dr. Th. Treter and Dr. A. Shluger for numerous discus-
becomes even more relevant with the foreseeable wide avaisions on the topic, and acknowledges the financial support by
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