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Combined excitation-emission spectroscopy of EF ions in stoichiometric LINbO;:
The site selectivity of direct and up conversion excitation processes
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We studied the optical transitions ofErions in LiNbO, for samples with stoichiometric composition that
were produced from congruent ones by the vapor transport equilibration technique. Using combined excitation-
emission as well as absorption, emission, and Raman spectroscopy with high resolution, we found and spec-
trally characterized a large number (1) of different EF* sites. Comparing stoichiometric and congruent
samples we found equivalent sites, however, with an altered distribution of their abundances. For the micro-
scopic origin of the sites we propose that for the main sites thé Erlocated on or close to a Lilattice site
with differing arrangements of the required local charge compensation. On the basis of these results we
investigated in detail the upconversion process that occurs under 980-nm excitation and found several mecha-
nisms including direct and phonon-assisted excited state absorption and energy transfer, which are all strongly
dependent on site and on the excitation energy.

. INTRODUCTION stoichiometrio(Li/Nb=1) samples. This LiNb@crystal type
The combination of excellent electro-optical, acousto-exhibit less “optical damage” caused by the photorefractive
optical, and nonlinear optical properties and the possibility teeffect, a property that may prove to be essential to achieve
produce low-loss optical waveguides makes lithium niobatdaser operation in the visible region. In this work we concen-
(LINbO3) an attractive material for applications in integratedtrated on the stoichiometric samples and explored—besides
optics and actually has been used successfully for varioue general optical properties of the3Erion within this
optical componentge.g., modulators, wavelength filters well-ordered sample composition—the following questions:

Moreover, the incorporation of Ef ions allows us to realize (1) How many discretely different Ef environments ex-
active devices such as optical amplifiers and lasers, whictst? )

ichiometric samples in respect to the nature of the' Eites
d their distribution?
(3) How strongly do the different Bf sites participate in

Besides this emission transition from the 5, to the *I 15,
state, which can be efficiently pumped using semiconductof”
lasers at 1.48:m and 980 nm, the Bf ion offers a variety

of other transitions and excitation possibilitiesee Fig. 1, @) (b) ©) (d)
for which laser operation was achieved in various materials 3r e
[e.g., LiYF,,2* yttrium aluminum garnét(YAG), fluoride 2 ==

glass fiberd. Of particular interest are upconversion lasers at L —
around 550 nm, which can be excited via a two-step proces: B,y

with 980-nm laser diodes and ir lasers at aroungdr for QT I e

which upconversion and cross relaxation play a major role in

the population dynamicsDriven by these existing and po- 2 “Fez___ o

tential applications, several studies of the structural and op< 6

tical properties of the Ef ion in LiINbO; exist. With respect 2| *lg 550nm

to the EF* incorporation into LiNbQ, it was found by sev-  &| , ~ _ on
eral techniques, i.e., x-ray standing wav¥$W) 2° Ruther- & i A= === 6
ford backscatterind® extended x-ray absorption fine " 3um : on
structuré' (EXAFS), and ion beam channelifg,that the 11 4 l ‘;“
Er** occupies a Li site in the crystal lattice. On the other e To o(::

hand, several optical and magnetic resonance spectroscof c °s G

studies revealed that not just one but several slightly differ- 1.5pm o ®s 6

ent types of center configurations or lattice environments

exist*~*®The number and origin of these optically different N 3
Er* ions, which we will refer to in the following often as 0" N B I O < !

“sites,” as well as their dependence on sample preparation
are unclear and still under debate. FIG. 1. Schematic energy level diagrams of Ein LiNbO;.

Most studies performed so far are limited to the congruentn the right side, the energy levels and transitions studied in this
LiNbO3; composition (Li/Nb=0.92), which can be grown work are shown in more detail. The expected polarization of the
most easily. Much less work has been performed, so far, fotransitions forC,; symmetry is indicated.
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FIG. 2. Absorption spectra observeddnpolarization for those final staté¥z,, *F;, *Ss,, and*l,;,, most relevant for this study.
The allowedo-type transitions are labeled by letters, (. . . ,M). The 7 transitions are marked additionally by arrows.

the upconversion processes and what are the underlyinhromator(Spex 1402 and an optical multichannel analyzer
mechanisms? (OMA, SI IRY700). The samples were excited by cw dye
Following the description of the sample preparation and~450 nm and Ti:sapphire lasers~980 nm with the
experimental techniques in Sec. Il and the presentation of theavelength controlled by a wavemeit@urleigh WA2500.
experimental results in Sec. I, we will discuss these quesThe spectral resolution for both excitation and emission pho-
tions in Sec. IV. ton energy was better than 0.1 meV. The whole setup was
computer controlled to minimize measuring time. The result-
ing two-dimensional2D) data set of emission intensities as
. SAMPLE PREPARATION AND EXPERIMENTAL a function of emission and excitation wavelength
TECHNIQUES I(NemsNexd Or energyl (Eqnm,Eeyo is best visualized using

The LiNbO; samples used in this wofRwhich are iden- @ contour plot in which lines of equal emission i_nte.nsiti.es are
tical to those used in earlier works'® were grown from the ~drawn. In such a representation, a single emission line ex-
congruent melt to which Bf dopant was added0.19 cited in a single absprpnon_appears—sumllar tpageographlc
mol%). The achieved Ef concentration of~3x10°  Map—as a mountain. In this dat(_:l representation the spectral
cm 3 in the crystal was determined by absorption measurel€SPOnses of Bf ions that are snuatgq in d|ffer_ent crystal _
ments and is intentionally very close to the average concernvironments and have altered transition energies can easily
tration achieved in typical diffusion doped Ti:Er:LiNGO _be dlstlngws_hed.The measurements, which will be presented
waveguides? The congruent samples were converted to then the following, were performed at low temperature~5
approximately stoichiometric composition by the vaporK) in a He—flo_w cryostat on stoichiometric samples, unless
transport equilibrationVTE) method?*~2 For comparison  Stated otherwise.
identical pieces cut out of the same wafer were kept as ref-
erence. The Li/Nb ratick was determined by the phase- ll. EXPERIMENTAL RESULT
matching temperature for second-harmonic generation ofA Reqular absoroi . d excitati "
1.064um light to be 0.998. This almost perfect stoichiom- "~ egular absorplion, €mission, and excitation spectroscopy
etry was confirmed in Raman measurements by the width of In Fig. 2 the absorption spectra in several spectral regions
the phonon modéE) at 19 meV(Ref. 24 and by the spectral are shown for the stoichiometric LiNgGample recorded at
shape of the ir absorption from unintentionally present OH T=5 K in « polarization. In all depicted regions the transi-
impurities?>?°The sample pieces were oriented by x-ray dif- tions are electric-dipole forced and hence the resultsafor
fraction and cut so that the crystallographbiexis is perpen- ando polarization are identical. For th@; site symmetry alll
dicular to the main surfac€‘ z cut”). This allowed us to (except Kramer’s degeneracy of the states is removed, re-
measure the absorption, Raman, and emission spectra for thelting inJ+ 3 Stark split sublevels. In our measurements all
signal light propagating along theaxis (a polarization). For o («)-polarized transitiongsee also Fig. Jloriginating from
the respective laser excitation a light polarization parallethe lowest sublevel of thél s, state are observed and are
() or perpendicular ¢) to the optical axis could be used. labeled for further reference by letter#\,(..M) Even some
For high spectral selectivity we employed the method ofof the 7 transitions, which are forbidden i85 symmetry,
combined excitation-emission spectroscofZEES by  can be seen and are pointed out as arrows in Fig. 2. In gen-
which a very high selectivity can be achieved. In this tech-eral, the lines are very narrow with full widths at half maxi-
nique, used already in a similar way by Gél al,*®a large  mum (FWHM) down to 0.1 meV much less than those for
number of emission spectra=R00) is recorded at a dense congruent samples. For that reason it is possible to clearly
sequence of excitation energies using a 0.85-m double moneoesolve within the individual transitions a substructure
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FIG. 3. %S;,— 4l 15, €mission spectrum obtained under direct
excitation into the*F s, for 3 slightly different excitation energies
showing spectra for site 5, site 9, and for cluster sites. For compari- - : :
son a spectrum in a congruent sample is shown by dotted lines. For 2735 2.740 2.745
identification and labeling of sites see Fig. 6 and its discussion in Excitation Photon Energy (eV)
the text. The spectral range depicted in Fig. 5 is indicated by an
arrow.

FIG. 4. (a) Excitation spectra forr- and 7-polarization probed
broadband around 550 nrfln) Degree of polarization shown as bars
clearly showing that more than one®Ersite exists. Several at the spectral positions of peaks(@. The gray scale of the bars
transitions(e.g., 1,J) are notably much broader. This phe- indicates the assignment to different sites. The dashed bars show
nomenon appears whenever the distance within the Staitke behavior expected faC; symmetry. For identification and la-
sublevels coincides with the energy of a phonon, causing &eling of sites see Fig. 6 and its discussion in the text.
fast relaxation of the levél leading to a lifetime-determined
(homogeneoysspectral width. The result is shown in Fig.(8) with bars for several peak

By excitation of the ions into théFs, state[Fig. 1(b)]  positions of the excitation spectrum. The different shades of
and subsequent fast relaxation the characteristic green lumgray reflect the assignmefyterformed in the following sec-
nescencéFig. 1(d)] is obtained and shown in Fig. 3. Again, tions) of the peaks to different Bf types. For sites 5 and 7
it is obvious that the emission lines are much narrower forone finds good agreement with the behavior expected for a
the stoichiometric samples compared to the congruenperfectC; symmetry(shown as a dotted lingespecially in
sample, which is shown for comparison. Moreover, the effecthe o-type transition. The less perfect degree of polarization
of line narrowing is much more pronounced than stated bynay at least partially be due to small misalignments of light
Gill et al,*® giving further evidence for the excellent optical polarization and/or the samples. Despite this experimental
quality and highly stoichiometric composition of our uncertainty, it is clearly seen that for site 9 the polarization
samples. Under slight variation of the excitation energy théehavior is drastically different. In the region of the expected
spectral positions of the emission lines are strongly altereds excitation the transition is almost polarization independent
As an example three such spectra are shown, representiagd even the other transitions are much less polarized than
different sites that we will identify in more detail below. In expected.
all spectra a clear substructure can be seen, although much
less complicated than that in absorption due to the higher g combined excitation-emission spectroscop¢CEES)

selectivity. . )
In Fig. 4 the excitation spectrum for the integrated green The results presented so far give already a lot of evidence

luminescence is shown. The spectrum obtained unddhat several different BF sites are present even in the sto-

o-polarized excitation resembles closely the absorption sped¢hiometric sample. Although in principle it would be pos-
trum (K,L,M in Fig. 2, but more details can be resolved sible to distinguish them by traditional emission and excita-

due to the better signal-to-noise ratio. In accordance to thiON SPectroscopy, the number of sites and their spectral lines
selection rules expected far; symmetry the spectrum under that partially overlap makes the application of the more sys-
7 excitation reveals the in the-absorption spectrum miss- €matic approach of CEES advisable and rewarding.

ing or weak transitions. Further details of this polarization

dependence can be obtained from the degree of polarization 1. Direct excitation

(DP) calculated from the emission intensitigsand| . under In Fig. 5 the contour plot for a large number of emission
o and 7 excitation as follows: spectra in the excitation range of the three transititing,

— 4Fg, is shown. Out of the eight emission lines we select

DP= o= lx (1) the five (indicated in Fig. 3 that have a small enough spec-

o1 tral width to ascertain high selectivity and moreover fit well



8046 V. DIEROLF AND M. KOERDT PRB 61

Excitation Photon Energy (eV)

- T T
2.240 2.245 2.250 2.255 2.260
Emission Photon Energy (eV)

T
2.265

FIG. 5. CEES survey spectra of the gret®y,— *l 5, emission foro excitation in the spectral range of tfe;s,— *F/, transitions.
The selected spectral ranges for the emission is indicated in Fig. 3 and the corresponding absorption transitions are indicated as in Fig. 4. The
box indicates the fraction shown in an expanded scale in Fa. Bhe white straight lines are guidelines for the eye. For details see text.

in the window of our OMA so that they can be measured atappear with strongly different excitation and emission ener-
one time. This approach yields the required high spectrafjies than the “regular” sites found so far.

reproducibility. Several ranges of peaks can be seen that cor- In order to illustrate this we show a contour plot for part
respond to the expecteck3 transitions. In each of them the of the dat&®in an expanded viewFig. 6(b)] and in compari-
various sites become apparent. Besides giving an overviewon with the direct excitatiofFig. 6(@)]. Examining first the

of the spectral data, this graph gives an instant impressiopeaks for the regular sites (1,.,11), one finds that certain
how the different transitions are influenced by the change ines(e.g., site 3 almost vanish in the two-step excitation
the crystal environment. While some emission positions are
almost independent of the excited®Ersite, others drasti-
cally change in different energetic directions. The straight
white lines can be used as a guideline for the eye to see this 2.745;
behavior, which is most apparent for the emission lines at
around 2.255 eV and 2.245 eV. The spectral range indicated
by a box is shown expanded in Figah so that more details
can be illustrated.

At least 11 clear peaks can be found in this range belong- 27431

ing unambiguously to optically different Ef centers char-
acterized by a specific excitation and emission energy. The
associated peaks are labeled by numbers 1,11 ordered
according to increasing excitation energy. This identification
is very straightforward in the stoichiometric sample due to
narrow spectral widths, which yield steep peaks in the con-
tour plot. The situation is less favorable for the congruent
sample, which was studied with CEES for compari¢big.
7). As a consequence of the broader spectral transitions, the
peaks are much less pronounced, but still all the sites found
in stoichiometric crystal can be assigned again. Even two
more spectral peak$abeled 12 and 1)3can be found.

2.744

2.742¢

1.274

1.273

Excitation Photon Energy (eV)

1.272
cluster

1.271 o &

2. Two-step excitation

. . 2.262 5564 2.266
In order to elucidate the role of the ¥r site on the up-

conversion process, CEES can be measured also for the two-

step excitatiort'l 15— #1117~ “F7), [see Fig. Lc)]. For that FIG. 6. Detailed CEES spectra for a stoichiometric sample in
purpose we chose the same spectral range for emission @ range of the greefSy,— %115/, emission line with highest en-
above and selected the excitation energy at around 1.27 eMqy for (a) direct o excitation in a*Fs, level, (b) for two-step
(980 nm). Due to the large number of transitions in this excitationo excitation with 980-nm light via thél,,, level. The
range (5<6), which additionally can be increased by the depicted spectral ranges are indicated in Fig. 5 by a box. The iden-
role of the second step, the contour plot is very complicatediified sites are labeled by numbers. The white dashed lines reflect
Moreover, it becomes immediately apparent that more sitethe grouping intad, B, C. For details, see text.

Emission Photon Energy (eV)
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FIG. 7. Detailed CEES spectra for@ngruentsample in the
range of the greefS;,— *l 15, emission line with highest energy
for direct o excitation in a®Fg, level. The spectral range and the

labeling are identical to Fig.(6). site 9

Intensity (arb. units) Absorption (arb. units)

case, while others become more pronoun@ed., site 8 In (i) () (i) (it) (i) (i)
other spectral regions this behavior can be reversed. For the
chosen spectral range the additional peaks can be easily iden-
tified. They are characterized by a higher emission energy. cluster +500
Similar features have also been observed by &itl® and
they have been assigned to*Erclusters. We will adapt this
notation here and give further arguments for this identifica- Photon Energy (eV)
tion in the following discussion section. In the direct excita- _ itation via i
tion these sites can only be found in careful measurements Fllcf;' 8£hEXC't§“_2°n SfeCtr?‘ for two-step excitation \:.'a t%ng
for excitation energies where the regular sites are alfsent ;;’ees 5O;n drgean:j zgemne %Tfljggrsen_?gess éifr;ezﬁg ;ncile d witrh
E = 2.745 eV). Even under these most favorable conditions ) P

the emission intensity for the respective site in direct excitation.

the corresponding emission is at least 100 times weaker co he 41 1y %l 11, absorption spectrum is shown for comparison as

pared to the regular sites, suggesting that the clusters afdashed line. The types of upconversion processes responsible for

very rare. . ) ‘the respective peaks are indicat@bmpare Fig. 1L For details,
After the sites have been characterized in terms of theiggg text.

emission peak we can extract thige-selectivaipconversion

excitation spectra out of the measured 2D data set that iNstficient in their upconversionX500), and even for the
cludes the complete spectral information. These spectra awgqjar sites clear differences are found. Reasons and the
shown for the two strongest well distinguished sit®s9) as underlying processes will be discussed below.

well as for one of the cluster sites in Fig. 8. In order to take

the relative abundances of the sites into account, we scaled

the emission intensities for the two-step excitation with those IV. EVALUATION AND DISCUSSION

measured for the respective site in the direct excitation. By Referring to the questions raised in Sec. | the experimen-
doing so the spectra directly give a measure for the relativey| results presented here allow quite easily some initial state-
upconversion efficiency. In the comparison of these excitaments:

tion spectra with the absorption spectrum we find good co- (1) At least 11 regular sites exist. Additionally, one finds

incidenc_:es at several spectral pqsitions and can thereby relaigme very rare sites that participate preferentially in the up-
absorption peaks to the respective’ Ecenter type. On the  conversion process and are most likely related to small Er
other hand, the excitation spectra deviate at some positiongysters(i.e., two EF* on neighboring lattice sitgs

notably from the ground-state absorption most apparent on () The spectral widths and the site distribution are differ-
the high-energy side of the spectrum for site 9 for which Wegnt in the stoichiometric and congruent samples.

find features energetically higher than any expected, (3) The upconversion process depends strongly on the ex-
absorption. Moreover, for sites 5 and 9, the relative height ofitation energy and the participating*Ersites.

the peaks notably differ from the absorption. These latter |, the following we will discuss these aspects in more
observations reflect the importance of the second step in thgaih,
upconversion process. Due to the low abundance no absorp-
tion peak could be assigned to the clusters. The relative
emission intensities for the different transitions, however, co-
incide well with the absorption spectrum of the regular sites. From the detailed CEES spectrum in Figajthe differ-
Comparing the strength of the upconverted emission amongnt sites can immediately be identified, yielding characteris-
the different sites, we see that the cluster sites are much motie emission and excitation energies for the involved two

1.27 1.28

A. Identification of sites
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Q m stoichiometric tions. For instance, we can correlate our site assignment with
< x 30 % m congruent those used in other studiésee Table ). As one can see,

-% a0l mainly the strongest site8, 5, 8, 9 for the corresponding

= sample types have been reported in these earlier less detailed
8 studies. In the attempt to order the sites by their energy lev-
§ els (as is done by labeling the sites.1.,11according to

& 20¢ increasing energy for the highe s, level) it becomes ap-

'-(']j parent that no consistent scheme can be found, because the
-% transition energies of one site compared to another are bigger
© g in one spectral region and smaller in another. Most notably

cluster 1 2 3 4 5 6 7 8 9 10 11 this is the case for the third and fourth levels of the ground

state, which are almost degenerate for sdeng., site and
shifted apart in opposite directions for othdesg., site 9.
Obviously the energy levels react quite differently to
changes of the crystal-field environment.

transitions. The energy of other levels can then be deter- On the question of the microscopic nature of the different
mined successively by finding in the overview pictutesy.,  local EP* environments, several studies exist with some-
Fig. 5 other emission peaks for the same excitation or emiswhat contradictory assumptions and models. Since our spec-
sion energy. In this way we can determine site selectively théroscopic investigations are not sensitive to the chemical na-
crystal-field-split energy levels for th8l 15/, *l111/, “Syp0, ture of the E¥* neighbors, we adapt the resultbtained for
and “F, states. A similar set of measurements for the redhe congruent materiafrom the ligand sensitive techniques
spectral regior(not presented hergields the energy levels (e.g., XSW, which determined that at least 90% of the' Er

for the *Fg, state. The relative abundances of the sites caions are located on or in the close vicinity of a‘Lsite (as

be obtained from the integrated emission intensitie@hié  shown in Fig. 10. The very broad distribution of the relative
almost constantluminescence lifetimes are taken into ac- concentration of the different sites that we found for congru-
count. All these results are summarized in Fig. 9 and Table lent samplegFig. 9) therefore excludes the hypothesis that
representing a fingerprint of the Er sites by which they can any major site is due to Ef on Nb°* sites, as was specu-
be identified even under variation of experimental condi-lated by Gill et al*® Our measurements also contradict the

FIG. 9. Relative concentration of £r ions on certain sites in
stoichiometric and congruent samples.

TABLE |. Level energieqin eV) for several sites identified in the CEES spectra. Only those levels that could clearly be assigned are

listed. A,...,M label the corresponding absorption peaks.
Site 1 2 3 4 5 6 7 8 9 10 11 cluster
“Fgp M 27416 2.7416 2.7423 2.7423 2.7424 27430 2.7432 2.7441 2.7443 2.7452 2.7456 2.7453
L 27352 2.7348 27351 27356 2.7346 2.7356 2.7352 2.7367 2.7362 2.7371 2.7370 2.7386
K 27335 27329 27333 2.7338 2.7328 2.7338 2.7333 2.7344 27341 2.7347 2.7350 2.7369
4Sy, G 2.2634 2.2627 2.2628 2.2635 2.2621 2.2632 2.2625 2.2636 2.2631 2.2638 2.2637 2.2662
“Fop - - 1.9033 - 1.9027 - - - 1.9051 -
- - 1.9001 - 1.9008 - 1.9016 - 1.9024 -
- - 1.8900 - 1.8901 - 1.8906 - 1.8918 -
- - 1.8782 - 1.8778 - 1.8781 - 1.8785 -
112 F - - 1.2810 - 1.2809 - 1.2818 - 1.2816 - - -
E - 1.2804 1.2794 - 1.2792 - 1.2798 - 1.2798 - - 1.2773
D - 1.2757 1.2764 - 1.2769 - 1.2774 - 1.2787 - - 1.2738
C 1.2708 1.2707 1.2713 1.2713 12712 1.2717 1.2716 1.2727 1.2727 1.2736 - 1.2727
B - - - - - - - - - - - -
A - - 1.2644 - 1.2642 - - - 1.2649 - - 1.2662
B! PP - - - - 0.0498 - - - 0.0525 - - 0.0529
- - - - 0.0455 - - - 0.0483 - - 0.0492
- - - - 0.0419 - - - 0.0444 - - 0.0456
0.0226 0.0219 0.0219 0.0224 0.0213 0.0223 0.0216 0.0232 0.0226 0.0245 0.0230 0.0252
0.0169 0.0160 0.0166 0.0177 0.0164 0.0177 0.0173 0.0201 0.0195 0.0200 0.0203 0.0197
0.0159 0.0151 0.0155 0.0157 0.0156 0.0150 0.0154 0.0149 0.0153 0.0149 0.0163 0.0178
0.0064 0.0064 0.0068 0.0068 0.0068 0.0070 0.0070 0.0076 0.0076 0.0080 0.0082 0.0084
0 0 0 0 0 0 0 0 0 0 0 0
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TABLE II. Labeling of sites in other publications in comparison with the present work.

Reference Sample type Name of site in Ref. Name of site in this work
18 congr. 1,2 3,8

17 congr. fiber two sites (37?2, 8

38 congr. AB 8,3

19 congr.+ stoich. 1,2,3,4,5,6 5,3,9,8, cluster, cluster

distribution assumed for fitting recent EPR resiflsn iden-  terwards in the stoichiometric sample. This makes it reason-
tical samples, suggesting that some of the sites that we fourable to assume that the redistribution of the defect configu-
are magnetically not easily distinguishable. rations during VTE treatment dominantly involves the

The EP" enters the LiNb@ in its trivalent state into a secondary more distant charge compensation. In this micro-
Li* site and therefore a charge-compensation is necessasgopic picture the different polarization behavior of sites 5
that could be provided, for instance, by neighboring ka- and 9 can be accounted for by a charge-compensating va-
cancies. This local compensation persists even for stoichicsancy situated along theaxis for the first site and perpen-
metric samples that underwent the “vacancy removing”dicular to it for the latter site.
VTE procedure because we found well-defined sites that rep- In addition to the regular sites discussed so far several
resent different types of local charge compensation. A delomore with stronger spectral shifts are found. Their number is
calized compensation, as found for somé Csites®° can be  very small already in congruent material but decreases even
excluded because it would lead to an inhomogeneous broadaore with VTE treatmeniFig. 9). Motivated by the ob-
ening of the spectral lines rather than to well-defined discreteserved, much more efficient upconversion process and in ac-
transitions. Different from congruent LiNbQOthe sharp lines  cordance with Gilket al,*® we connect them to B¥ clusters.
in stoichiometric samples indicate that the more distant enThe simplest type of them, the pair with *Er situated on
vironment is very ordered. Based on these arguments weeighboring Li" and NB* sites that would not require any
favor the picture that the Ef ion and the associated charge charge compensation, might be the prime candidate in our
compensation form a defect complex that can extend ovesamples that have a relatively low3Erdoping. The prox-
more than one unit cell and that is incorporated either into ammity between the complex partners can explain both the
highly ordered(stoichiometri¢ or quite disorderedcongru-  strongly different spectral positions and as we will discuss
ent LiINbO; crystal. This situation will result in narrow dis- below the high upconversion efficiency. For these pairs sev-
cretely distinguishable, site-specific, homogeneously broaderal arrangements are possible that can account for the large
ened spectral lines in the first case and in inhomogeneousiyumber of cluster sites found.
broadened lines in the latter case.

Within this picture the observed spectral shifts can be B. Upconversion processes

accounted for by a change in the internal electric field that ] ) o
the EP* experience§.1 On the basis of an electrostatic ap- On the basis of the detailed center characterization and

proximation the extra fields caused by charge compensatiopP€Ctral data the upconversion processes can be better de-

(e.g., vacant Li siteg and the associated effective negative SCriP€d:

charge on sites (1, 2*, 3*, or 4~ in Fig. 10 can be esti- _

mated to be in the order of $0v/cm. The shifts of the 1. Regular sites

crystal-field-split energy level expected for such additional From the microscopic model described above we can as-
fields due to annternal linear Stark effect can be predicted sume that the regular sites are well separated from each other
from external Stark effect measuremeftsand are—just as

the observed ones—a few meV. In this estimate we have @ 4+ "
only considered the charge compensation by a single va- a o
cancy, but two of them are necessary. If we take this into © Q2+
account the number of possible configurations gets easily Q

above the~11 we observed. However, in most cases one e @3+
vacancy will have the dominant effect and the second will Q Q

only slightly modify the spectral lines. Following this idea e z
we can divide the identified sitéas indicated in Figs. 6 and 73 Q PR O

7 by the white dashed lingg group.A consisting of sites 2, =

5,7,9, 10, 11, grous with sites 1, 3, 6, 8, 12, 13, and group @ 2- [9)

C with site 4 and further rarénot labeled sites. While within e

each group two sites differ by the way tipeimary charge 04"
compensation is achieved, the groups themselves reflect dif- O Nb5+ @ £ o Li+

ferences in thesecondarycompensation. This grouping is

apparent both for stoichiometric and congruent samples. It F|G. 10. Diagonal cut through the hexagonal unit cell of
seems that mainly a redistribution from one group to anotheriNbO; indicating the position of the Bf and of possible charge-
takes place. While in the congruent sample before the VTEompensating Li vacancies labeled™, 2%, 3%, 4% and 1", 27,
treatment typed is dominant, type3 is most abundant af- 37, 4™ in +c or —c direction, respectively.
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. Site 5 . Site ?
1.29 li1j2 Faie —| 12 Fae

perfect overlap with the highe$F-,, sublevel exists. This is

due to the imperfed€; symmetry of the centers, but it may
.. P also reflect small misalignments of the sample.

In process(ii), which is based on thermal activation, the
H€e T GSA is followed by a ESA out of highetl ,/, sublevels. At

1.28
1.27
1.26

Faman® T T=5 K the relative population of the second lowest level is

“\ extremely small, making the process fairly unlikely. Only
\ due to the otherwise almost perfect spectral overlap of GSA
\ and ESA does this process become observable as depicted

Excitation Photon Energy (eV)
= |
"“f“""""I |
— 11,
= wn
11
1

Loyl (Fig. 11) for the excitation energy marked in Fig. 8 by a
) (0 (i) ‘.| (i) thick line. However, because of its inherent strong tempera-
= 4 Vs ture dependence it will become a preferred upconversion
1172 4 ' 142 channel at higher temperatures.
| 172 \ In procesdiii ), a phonon-assisted proceti®e crucial role
4 \ 4 v of the coupling to the crystal lattice becomes apparent. In
0 I15/2 \ I‘15/2 v

: l this case no zero-phonon GSA transition is in resonance with

the excitation photon. However, the energy difference be-
FIG. 11. Acurate energy level diagram for site 5 and 9. ThefWeen the excitation energy and the energy of the strong

4

Fai2

levels are shifted by the indicated amounts to point out theGSA transition to the lowest excited state corresponds ex-

matching energies and to illustrate three types of upconversion prCtly to a phonon as indicated by the depicted piece of a
cessesi), (i), and(iii). The levels for whichr or 7 transitions are

Raman spectrum. Under these conditions a phonon-assisted
expected forC; symmetry are drawn in solid and dotted lines, GSA is followed by a well-matched ESA out of the lowest

respectively. Aligned with its zero energy point to the lowdist,,  *l 11> sublevel. This process could be found in a pronounced
sublevel a Raman spectrum is depicted. For details, see text. ~ form only for site 9. While this is the only case in which the

excitation spectrum of the upconverted luminescence does
so that energy transfer processes can be excluded. In thit coincide with the GSA spectrum for the 980-nm region,

case upconversion can only take place via successive absoffis Situation has been encountered more frequently in other
tion processes of photons with the same energies requiringPectral excitation regiof5(800 nm, 650 nmand is some-
accidental coincidence for the spectral positions of groundtimes accompanied by a photon avalanche prote¥s?®
state(GSA) and excited-state absorpti¢ESA). This condi- The excitation position at which these different processes
tion is not easily and never perfectly fulfilled due to the sharptake place for the different main regular center tyg@s9)
transition energies for our stoichiometric sample and there indicated in Fig. 8. It becomes obvious that the kind of
used narrow-band laser excitation. For that reason it is exProcess involved in the upconversion strongly depends on
pected that not all GSA spectral positions can be seen arlfe excitation wavelength and ¥r site. For all described
that the upconversion process cannot be observed for affocesses we can convince ourselves that at lowest tempera-

sites. The multiplicity of Stark split levels, however, still tures the conditions are not optimal in terms of high upcon-
offers various possibilities for the process to take place.

version efficiency for the stoichiometric sample. Broadening
Three of these possibilities that we found to play a majorthe optical transitions by increased temperature or in less

role are schematically depicted in Fig. 11, where the inPerfect crystalline environments as found in congruent bulk
volved energy levels are drawn for the main sités 9).

LiNbO5 crystals and waveguides makes upconversion
They are accurately deduced from the absorption e~ Processes—as we observed—more likely.
2). In order to emphasize the condition of coinciding GSA
and ESA we shift the excited stafl;;,, from which ESA 2. Cluster sites
occurs down to zero energy. Drawing the levels that way,

. The much higher upconversion efficiency of certain sites
one sees that the upconversion process can only take plaggggests that a different process is involved for them. The
4 4 o . .

l11/2 and *F 7, coincide. sites are clusters is an energy transfer process among closely

In the first processi), based on a direct excited-state ab-neighboring E¥* ions. For the electric dipole-dipole interac-

sorption, the EY" ion relaxes after the first excitation step tion between the two ions the’ Eter-Dexter type energy
into the lowest®*l ;,/, state from which ESA can occur. The transfer rate WZ

/ oy . -ur. e ‘L can be estimated by the following
corresponding spectral position is marked with a thick line ingg|ation3°

the excitation spectrum in Fig. 8. Besides the explicitly de-

picted case this type of process is responsible for the major-

ity of peaks(thin lineg in the excitation spectra. As shown in W%(}k:
Fig. 1 and indicated as solid lines for the final state in Fig.

11, most of the GSA transitions ace polarized and, hence,

1 )2 3nhet 1

Tmey] vamie? %foA 9p9adE,

n"muow

the observed upconversion process is most efficient fowith fp, fs, andgp, ga as the oscillator strength and the
o-polarized excitation light. Moreover, under

these normalized form function of the transition of the donor and
o-excitation conditions even processes involviagtype

acceptor ion, respectively. For energy transfer from an ex-
GSA transitions are clearly visible, especially for the excita-cited EF* (D*) and to the neighbofA), which is in the

tion energy of the highesti ;;,, sublevel for which an almost ground state, we find the raw?} ,~7x10° s by taking
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step 2b Fig. 12. The observation that the upconverted green lumines-

4F7,2_ — — — cence is excited in general at higher energies for cluster sites
compared to the regular ones might be a direct consequence
of that condition.

In the second step, renewed excitation of the first'Er
within the 1 ,,,, lifetime leads to a situation where both part-
ners are excited. They can exchange their energy via a cross-
relaxation process, which brings one of the ions into the
4F-,, and the other back to the ground state. Which one of
the two will end up in the excited state depends on details of
the energy levels. The two possible procedsésp 2a or 2p
are shown in Fig. 12. Although a final decision cannot be
made we favor step 2b based on our results. It leads to ex-
citation of the E¥* ion, which has its energy levels at higher
energies explaining the higher energies of the observed up-
converted green luminescence of the cluster in comparison to
the regular sites.

Independent of this last question, the upconversion pro-
cess based on energy transfer can be much more efficient
than the ESA process because the incident photon has to
obey just one resonance condition for the GSA and not two
. (ESA, GSA as was necessary for the regular sites. By

{45/ ot changing the excitation energy this condition can be fulfilled
Elt 1 and therefore the excitation spectrum for the upconverted
luminescence resembles, as can be seen in Fig. 8, quite

FIG. 12. Simplified energy level diagrams illustrating the up- closely the absorption of one of the ions within the cluster.
conversion processes within clusters. Solid arrows indicate optical
excitation, and the dotted lines represent the energy transfer pro-
cesses. For details, see text. V. SUMMARY AND CONCLUSIONS

~.
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We found by high-resolution CEES a large number of
Er* sites and characterized them with respect to their abun-
dance, energy levels, and redistribution by the VTE treat-
ment. Several different upconversion processes could be
é’dentified that depend both on site and on the excitation en-

Lorentzian line profileFWHM = 0.1 me\). This rate is ergy. Although some new information about the microscopic

bt . ; , .
easily able to compete with the other partially nonradiativeEIS center configuration could pe obtamgd a complete pic-
transition processesW=5x1G° s~ %) for the *I,,, level ture awaits results from further site-sensitive techniques that

even if the overlap is not perfect and phonons have to makgreferentially should be applied in combination with the op-

up for the energy mismatch. Similarly, the transfer rate be_t|cal spectroscopy studies. Several attempts in that direction,

tween two excited ionsO§*, A*), which leads to deexcita- €.9., magnetic resonance, hydrqstatic pressure, and Stark ef-
tion (cross relaxationof the one and further excitation of the fect, are currently under way, with promising first resﬁ?t;.
other. can be estimated to B&%® . ~10x10f s~! usin In view of the development of the potential upconversion-
f o ‘g £ 29 f hD*A* i h of ?\ based laser the site distribution found is unfavorable because
4/|** N 18?::( 10’[ran(§t?0.n ?n (())rr d:aretoozacz;da':(c))raitreer?grtgy%ptcoen for a given excitation energy only a certain ensemble of ions
12— T2 o “will be able to participate. For that reason, it would be de-
;(ra][jsic;\gv;gzlc:nrized;ft(\i/c; ﬁlerrtg\g,\;/otfahr?stg;sprr]gsgstsoegehgszot:)b? iéable to be able to control the site distribution. As we have
. . o ‘“démonstrated, the VTE treatment can be considered as a step
place successively. In the following we will discuss how thisp, this girection. Concentration variation, codoping, and sys-

can occur most efficientlysee Fig. 12 We continue to con- tematic tempering experiments could be others.
sider only the most favorable case of a®Erdefect pair

located on neighboring I'i and NB™* sites. The two E¥*
ions ce_rtainly prerignce a _d.ifferent cr_ystal field and hence ACKNOWLEDGMENTS
they will differ in their transition energies. For that reason
the pump-photon energy can only be in resonance with the This work was performed as a project within the DFG
4 15/— %1115, transition of one of the two Bf ions. funded Forschergrupp@esearch group*Integrierte Optik

In a first step this EY" ion will be optically excited and in LiNbO 3" in the laboratory of Professor W. von der Osten.
relax into the lowest excitedl,;,, sublevel from where it The authors gratefully acknowledge numerous important dis-
will quickly transfer the energy to its neighbor. At low tem- cussions on the topics with Professor A.A. Kaplyanskii, Dr.
perature this process will preferentially go towards lower en-A.B. Kutsenko, and Professor W. von der Osten. We are also
ergies and therefore we have to assume that the fitétlas ~ very thankful to Professor S. Kapphan and his group for
higher transition energies than the second, as indicated iperforming the VTE treatments.

the constantsd, ,m,e#) with their usual meaningj for the
refractive index of LINbQ, fp«=f,=120x10 8 (Refs. 37
and 38 for the #1 ;55— %l 11, transition, ancR=4x 10 m

as the distance between ar®Eron Li* site and one on a
Nb®* site and if we assume perfect spectral overlap of th
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