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"Spectral changes,

What are they 7

Mechanistic DverJay.

When it sticks,

You've got a lot.

But can you name

The path it shot 7"

- E. Castro
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ABSTRACT

Site-selective laser excitation and emissiv.' spectra were obtained with

a 20% Eu+3 exchanged sodium f3"-alumina crystal at 77 and 6.4 K.

Excitation into the 5Do level (568-579 nm) shows that the trivalent

europium ion occupies at least two types of site distributions. The
first distribution occurs at the higher energy of the tuning range and
has site symmetry C3v or C3. It corresponds to the crystallographic

Beevers-Ross position. The other site distribution is observed at lower
energy and is associated with the mid-oxygen crystallographic position
(site symmetry: C2h). This work shows that the interpretation of the

site-selective spectroscopy of Eu+3f3"-alumina must take into account
the occurrence of multipole site-to-site energy transfer Iinked to

vibronic coupling phenomena.
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RÉSUMÉ

Des spectres d'excitation et d'émission"JaSer ont été obtenus sur un
cristal d'aluminate ~" de sodium échangé à 20% par de l'europium

trivalent. L'excitation du niveau 50
0

(568-579 nm) révèle que l'ion

d'europium occupe au moins deux types de distributions. La première
distribution est observée lorsqu'on excite à plus haute énergie et
possède une symétrie de site Cay (lU Ca. Elle correspond à la position

crystailographique Beevers-Ross. L'autre distribution s'observe à
énergie moins élevée et peut être associée à la position
crystailographique mi-oxygène (symétrie de site: C2h). Ce travail
montre que l'interprétation de la spectroscopie sélective de

l'aluminate ~" dopée à l'Eu <3 doit prendre en considération des
phénomènes multipolaires de transfert d'énergie et de couplage
vibronique.
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NOTE TO THE EXAMINERS

This thesis is wl;lten in manuscript format according to the following

stipulations of the "Guidelines Concerning Thesis Preparation":

"The candidate has the option, s:Jblect to the ap1'roval of thelr
department, of including as part .of the thesis the text, or
duplicated published text, of an original paper or papers.
- Manuscript-style theses must still conform to ail other
requirements explained in the Guidelines Concerning Thesis
Preparation.
- Additional material (procedural and design data as weil as
descriptions of equipment) must be provided in sullicient detail
(e.g. in appendices) to allow clear and precise judgement to be
made of the impor.ance and originality of the research reported.
• The thesis should be more than a mere collection of manuscript:l
published or to be published. It must include a general abstract,
a full introduction and Iiterature review and a final overall
conclusion. Connectinp texts which provide logical bridges between
dillerent manuscripts are usually desirable in the interest of
cohesion. It is acceptable for these to include, as chapters,
authentic copies of papers already published, providsd these are
duplicated clearly and bound as an integral part of the thesis. In
r,uch instances, connecting texts are mandatory and supplementary
explanatory material is always necessary.
- Photographs or other materials which do not duplicate weil must
be included in their original form.
- While the inclusion of manuscripts co-authored by the cantlidate
and others is acceptable, the candidate is required to make an
explicit statement in the thesis of who contributed to such work
and to what extent and supervisor.s rr.ust attest to the accuracy of
the claims at the Ph.D Oral Defense. Since the task of the
Examiners is made more difficult in these cases, it is in the
candidate's interest to make the responsibilities of authors
perfectly clear."

The thesis is organized as follows: the first chapter consists of a

general introduction on rare-earth substituted ~"·aluminas and previous

spectroscopie investigations. Chapter 2 describes the experimental set·



up used in our laboratory. Chapter 3 presents the first evir:len..;e

obtained for the occurrence of energy transfer [This work was pûblished

in Chem. Phys. Lett. 182(2), 159 (1991 )).~hapter 4 describes the sites

available f/Jr europium in ~"-alumina [This work was published in J.

Chem. Phys. 96(8), 5565 (1992)). Chapter 5 proposes an explanation for

the observed energy transfer [This work was published in S(llid State

Commun. 81(10), 873 (1992)J and chapter 6 concludes that ti,e energy

transfer occurs by a multipole mechanism [This work was submitted to J.

Lumin.).
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1.1 RE-substltuted sodium Bn-aluminas

The main characteristics of the sodium B"·alumina [Na1.,Mg,Alll.,o'7' x =

0.67] struc.ture were determined in 1969 by Betman and Peters [1]. The

symmetry is rhombohedra'. the cell parameters are a = 5.614 A and c = 33.85

A. The space group is R3m. Figure 1 shows the unit cell which stacks three

spinel-Iike blocks (11.3 A) with a 120· rotation with respect to each other. These

spinel blocks do not have the ideal spinel structure which contains AI+3 and

Mg'2 ions in a 1:2 ratio; in B", they contain only AI+3 and smaller amounts of

Mg'2 at the interstices. The spinel blocks also contain four closed-packed

oxygen layers. Altemating with the spinel blocks are planes (4 A-thick) of

loosely packed oxygen ions and mobile sodium ions free to migrate in the

pl~nes which are thus referred to as "conduction planes". There are three

conduction planes per unit cell. The spinel blocks are Iinked by AI-O-AI bonds

and the connecting oxygens are referred to as "bridging" or "column" oxygens

(0(5) atom).

ln recent years. the realisation that lanthanide B"-aluminas represent a

class of interesting materials for applications in solid state lasers and

opto-electronic devices has stimulated the doping of the B" host with a wide

vari6:y of trivalent rare earth ions such as Eu+3
• Nd+3 • Gd+3 • Sm+3 ,Sm+3 •

etc. Lanthanides substitute for sodium ions in the conduction planes. The x·ray

2
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Figure 1: The unit cell of Na+W-alumina [8]
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structure has been determined for Gd+3
, Eu+3 and Nd+3 B"-alumina [2] and the

effects of rare earth substitution are as follows: the c parameter becomes

smaller (33.134 A, 33.190 A, 33.259 A respectively for Gd+3
, Eu+3 and Nd+3

B"-alumina); the column oxygens (0(5)) are displaced 0.502 A(Eu+3
), 0.420

A(Nd+3
) and 0.490 A(Gd+3

) towards mid-oxygen. These oxygens are attracted

to the cation thus bending the AI-a-AI bond connecting the spinel blocks and

distorting the structure. Substitution occurs in Iwo non-equivalent sites: a

four-coordinate Beevers-Ross (BR) site (symmetry C3V) and an eight-coordinate

mid-oxygen (ma) site (symmetry C2h). The unit cell ideal!y contains two BR sites

and three ma sites per conduction plane (The reader is referred to figure 1 in

chapter 4 and to figure 1 in chapter 6 for illustrations of the substitutional sites

and of the conduction plane). However, Farrington et al.[3] rightly point out that

assigning the mobile ions to these five possible site'" would be an

over-simplification, in that site occupancy is a space-time average and that there

is a high probability of finding an ion in a displaced position (relative ta the x-ray

positions), especially in a mobile ion system. According to the x-ray results [2]

rare earth substitution occurs preferentially at ma sites but the local ordering

need not be the same. Long-range ordering also occurs in the three rare-earth

substituted aluminas with a 3a x 3b x 3c superstructure featuring a long-range

ordered spinel hast containing either distinct ragions of rare earth ordering or

regions of randorn rare earth ion arrangements [4]. The Eu+3 and Nd+3~"_

4



aluminas display the most extensive regions of short range ordering and the

Nd·3 13"-alumina the greatest extent of superlattice ordering.

Factors which are known to influence the rare earth ion distribution are the

thermal history, the concentration used for ion exchange and the nature of the

rare earth-oxygen bonding [3]. Table 1 lists the europium-oxygen bond

distances in fully exchanged Eu B"-alumina. These bond lengths are among the

least covalent ever reported for Eu·3-0 bonds (which explains the unusually fast

diffusion rate of trivalent europium in 13"-alumina).

Table 1: Bond lengths ln Eu·'I3"·alumlna

Site Symmetry Atoms Bond length
(A)

mO C2h Eu-O(5) 2.322
Eu-O(4) 2.751
Eu-O(3) 2.772

-
BR C3V Eu-O(5) 2.851

Eu-O(4) 2.490
Eu-O(3) 2.561

The Eu·313"-alumina samples used during the course of this work were

prepared by Leslie Momoda in Professor B. Dunn's laboratory at UCLA.

Single crystals of Na·I3"-alumina (Nal.67M9o.67All0.33017) were grown by a flux

5
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evaporalion melhod (160010 1700°C) from a melt of N~COJ' MgO and A~OJ'

The ion exchange was performed by immersing the crystals in a motten salt

bath conlaining EuCIJ. thus allowing the Na+ ions to diffuse out of the

conduction plane and be exchanged for Eu+J ions. Gravimetrie analysis was

used to determine the extent of Na+ ion exchange in the sample. The Eu+J

concentration was estimated from absorbance measurements.

1.2 Prevlous spectroscopie Investigations

A thesis has already been produced on the site-selective spectroscopy

of 34%-exchanged Eu+J~··alumina in this laboratory [6]. The spectroscopy was

done using a continuous pumped dye laser to probe Ihe SOo~7J'-4 region and

a pulsed dye laser 10 probe the sOo.'.2~7FJ regions. The major findings were that

the europium ion occupies three sites, two of which were assigned as different

mO sites (569 nm and 576 nm) and one as a BR site (578 nm). The central

assumption of the thesis was that the europium emission at 572 nm was a

50o~7Fl transition and ail the site assignments were based on that assumption

[7].

The only other spectroscopie work performed on Eu+3~··alumina [3] used

a fluorimeter. Two distinct types of fluorescence spectra excited in the S02 and

so, regions were reported for the Eu+3ion and associated with BR and mO-type

6
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emission. The work was done at 77 K and the authors concluded that severai

sites could be contributing to either type of spectrum. The spectrum assigned

to the BR site contradicted the assignment made by the previous worker [6].

1.3 Statement of the problem

This work was undertaken to clarily site assignments and to examine

whether energy transfer could be occurring in this system. It was felt that a

careful study of the 572 nm-emission was required in order to address the

question of conflit.~ing site assignments. Can the 572 nm-emission be solely

attributed to 5Do-/F, transition? CouId it possibly be a 5Do~7Fo? If energy

transfer is occurring, how does it affect the speetroscopy of the Eu+3 ion in ~.­

alumina? Can any conclusions be reached concerning the energy transfer

mechanism?

To avoid erroneous assignments, the speetroscopy was done using a

pulsed dye laser to probe the 5Do~7FQ.4 region, recording both excitation and

emission spectra at Iiquid helium temperatures to minimize inhomogeneous

broadening.

7



i,

References

(

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

M. Bettman and C. R. Peters, J. Phys. Chem. 73, 1774 (1969).

W. Carillo-Cabrera, J. O. Thomas and G. C. Farrington, Solid State

lonics, 2b-30, 317 (1988).

M. A. Saltzberg and G. C. Farrington, Solid State Chem. 83, 272 (1989).

P. K. Davies, A. Petford and M. O'Keefe, Solid State lonics 18-19,

624 (1986)

L. Momoda, PhD Thesis, University of California at Los Angeles, 1990

(unpublished).

A. P. Brown, PhD Thesis, McGiII University, 1990 (unpublished).

A. P. Brown and D. J. Simkin, J. Chem. Phys.~ 5377 (1988).

Solid Electrolvtes, General Principles. Characterization. Materials,

Applications, ed. by P. Haqenmuller & W. Van Gool, A.P., N.Y. 1978

(Reproduced by kind permission of Academie Press, Inc. - Permission

granted June 10, 1992 by M. Strassberger).

8



EXPERIMENTAL



(
'.

2.1 Experimentai Section

The acquisition of site selective spectra was done using an excimer pumped

grazing incidence dye laser.

The excimer laser was a Lumonics Series TE·860-3 laser. These lasers

are used as pump sources because they can generate intense pulstls of

radiation from the vacuum UV ta the visible region depending on their gas fill.

The Series TE-860-3 operates on the basis of transverse electrical excitation of

a lasing gas mixture. This allows the excitation of the gas at relatively high

pressure (3 atm) while keeping the voltages within reasonable limits. In our

laboratory, the XeCI fill was used. The transitions responsible for lasing are

between electronic states of the XeCI molecule. The ,'ormation 01 the molecule

only occurs in the excited state which has a very short Iiletime (nsec). The

lormation 01 the "excimer" gas therefore occurs during the laser discharge. The

electrical discharge must have an extremely fast risetime and the lasing pulses

produced are typically in the 10 nsec-range. Our excimer was lilled with the

lollowing proportions 01 gases: 100 torr of helium, 388 torr of xenon, 41 torr of

HCI introduced first lollowed by helium up ta a total 01 50 psi. With such a

mixture, lasing occured at 308 nm.

The grazing incidence dye laser was built in our laboratory following

Littman's design (Ch. 3, ret. 10). Figure 3 presents a schematic view: The

10
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dye laser is pumpad by a fraction of the excimer laser output (ca 10%) reflected

off a quartz beamsplitter (681). Alter passing through a pinhole plate (PH1),

the beam is directed through a dye cell containing the appropriate dye ­

circulated to avoid heating) - to a cavity mirror (M1). The laser cavity is made

of M1, M2 (tuning mirror), the dye cell (oscillator), the grating and M3. Once

lasing is achieved, the cavity output is reflected from M3 through another

pinhole (PH2) to M4. The laser radiation is then passed through the first

amplifier (AMP1). The power is increased by a factor of two by excimer

radiation collected off 682 and directed through a lens (L1). The laser beam

is then reflected off M5 to M6 point at which it goes through a second amplifier

to be again increased by a factor of two. The oscillator is tuned by means of

M2 and the grating. The angle between these two components is calculated

using:

sin tjl = Âm/x-1

where 0 :s; ')Jx :s; 2 and

where x = (No. of grating Iines par mj"l

Â = lasing wavelength

(1 )

(

tjl =diffraction angle

m = diffraction order (1)

Thus, for: a 2400 grooveslmm grating, x = 4.17 x 10.7 m

a 1800 grooveslmm grating, x = 5.56 x 10.7 m

a 3600 grooveslmm grating, x = 2.78 X 10.7 m

Table 2 Iists some of the diffraction angles desired to achieve lasing with the

12
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grazing incidence laser.

Table 2: Des.,red angle between tunlng mlrror and gratlng
requlred to achieve lasing wnh the grazlng
Incidence dye laser.

Dye Lasing Â. $1800 $2400 $3600
(m) (j (0) (0)

R560 550E-9 - 18.6 77.9

Coumarin 420E-9 - 0.4 30.7

Coumarin 480E-9 - 8.7 46.6

R590 590E-9 - 24.5 -
Nile blue 690E-9 13.9 40.9 -
R560 560E-9 0.4 20.6 -
R590 570E-9 1.4 21.5 -

This work was perlormed at Iiquid nitrogen and Iiquid helium

temperatures using an Oxford Instruments cryostat, model CF204 (Figure 3),

a DTC2 temperature control unit and a GFS300 transfer tube. The CF204 is

a continuous flow instrument. The sample is mounted on a sample holder

which is inserted from the top of the cryostat. The temperature is continuously

variable and easily stabilized. The cryostat is made of aluminium aUoy, copper

and stainless steel. The sample compartment is surrounded by a goId plated

13
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radiation shield and an outer vacuum case. The sample chamber has five

windows, including on at the bottom of the cryostat which provides flexible

excitation geometries. The coolant flows from a transfer tube down the feed

capillary and into the gold plated copper heat exchanger. It leaves the heat

exchanger by a stainless steel tube and passes through a second heat

exchanger, which cools the radiation shield, before entering the helium retum

line. Alter insertion of the sample, the sampie chamber is flushed of ambiant

air and filled with helium gas at ca 4 psig pressure. The outmost cryostat

chamber is pumped to a near vacuum with a diffusion pump and coolant

transfer is then initiated.

14
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Evidence for energy transfer between two distinct

crystallographlc europium sites ln Eu+2~"·alumlna

and between Eu+3 and Sm+3 ln co-doped ~"·alumlna

[Chem. Phys. Lett. 182(2), 159 (1991)]
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This manuscript presents the first evidence observed which could be linked to

energy transfer, namely the occurrence of a risetime when measuring the decay

of the Eu·3 fluorescence in the 5Do~7F2 region. At the time, the first low­

temperature selectively excited spectra of Eu·3~"-alumina and the samarium­

europium co-doped species had just been recorded (at 77 K). Two distinct

spectra (Fi~ure 2) were associated Eu·3ions in BR and ma sites. The ma-type

emission was assigned on the basis of the observed splittings, consistent with

group theory. The other type of spectrum having features so distinct from the

former, was assigned by deduction to the only other crystallographic possibility,

Le. to Eu·3 ions occupying the BR sites.
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ANTI-STOKES LUMINESCENCE AND ENERGY TRANSFER IN EU·3~"­

ALUMINA

M. LABERGE, M. NAFI and D. J. SIMKIN
Department of Chemistry, McGiII University, Montréal
Québec, Canada, H3A 2K6

and

B. DUNN
Department of Materials Science and Engineering,
University of California, Los Angeles
California, U.S.A. 90024

Dye-laser excitation into the 5Do level of Eu+~~·-alumina results in anti-Stokes

luminescence above 35 K. The temperature dependence of the 5Do-/Foemission

is consistent with the occurrence of phonon-assisted energy transfer between

europium ions located in different sites. Our results are also indicative of some

unusual competition between upward and downward energy transfer.



1. INTRODUCTION

It has recently become clear that the ~"-aluminas have properties that

make them especially well-suited as hosts-for' spectroscopie energy transfer

investigations [1]. Na+ ~"·alumina or Na'+xMgxA1".,o'7 belongs to

centrosymmetric space group R3m and has a structure known to consist of

AI+3 and 0.2 ions arranged in closely packed spinel blocks (11.3 A-thick)

separated by a conduction plane (3.9 A-thick) containing 0.2 and mobile Na+

ions . These sodium ions occupy Beevers-Ross (BR) sites which

correspond to position 6c in Wyckoff notation [2,3]. In Eu+3
- exchanged

(3"-alumina, the conduction plane has Iwo sites available for the rare earth.

With space group R3m relaxed to non-eentrosymmetric R3m, 96% of the

Eu+3 ions preferentially occupy an octahedral mid-oxygen (mO) site -Wyckoff

position 9d -, coordinated to eight oxygen atoms, six of which are located

in adjacent spinel blocks with the remaining Iwo in the same conduction

plane os the Eu+3 ions. The rest of the Eu+3 ions occupy the 6c

tetragonal BR site, coordinated to three oxygens in one spinel block and to

one oxygen in another [4]. The symmetry of the mO and BR sites

respectively belongs to th~ C2h and C3V point groups [5,6]. To date, there are

no x-ray studies of the Sm+3 exchanged ~"-alumina available. But

single-eryslal diffraction studies perforrned on Gd+3 and Nd+3 ~"-aluminas

19



show structures and sodium substitution patterns similar to that of the Eu·3

species [4]. At UCLA, trivalent rare earth ions are now routinely

incorporated in sodium ~. alumina using single or double-doping techniques.

ln the latter case, simultaneous addition of both sensitizer and activator

ions has yielded crystals in which energy transfer was seen to occur. The

first evidence was observed in Ce·3
- Nd·3 ~·-alumina and in the Ce'3

- Tb·3 and Ce·3
- Pr·3 couples as weil [1]. The purpose of this work was

to investigate possible energy transfer in the europium-samarium co-doped

W'. The couple was selected because of the close proximity of the samarium

4G512 and the europium sDo levels (~E = 600 cm-' ) (Figure 1) and because

spectroscopie data were available on Eu·3
~·-aluminna [7]. Recent broadband

[5] and resonance fluorescence [8] results also confirm that the Eu'3 ion

occupies sites consistent with crystallographic mO and BR positions. In

Sm·3 ~"-alumina, the emissions of interest, that is from the lowest Stark

component of the 4GS12 level to the three levels of the sH512 ground state and

to the four levels of the sH712 level occur between 555 and 580 nm and

between 595 and 620 nm respectively. In this work, we wished to address

the question as te whether energy transfer could be observed in the

Sm-Eu co-dopl'd W from the 4G512 samarium level to europium's sDo levaI.

Further, could one or more of europium's sites be identified as a preferred

acceptor site ?
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2. EXPERIMENTAL

~"- alumina crystals were exchanged as previously described [1, 9] with

samarium in the concentration of 7.9 x 1020 Sm+3 ions/ce., with

{
,-

europium in the same concentration and with both europium and samarium

in a 1 Sm: 4 Eu ratio. The samples were heat-treated at 300 oC for some

6 to 24 hours belore experiments. Within this range, differences in the

amount of time the samples were subjected to heat did not affect resuns.

Broad band emission spectra of the crystals were obtained using a Lumonics

TE-861 M-3 excimer laser with XeCI fill (308 nm). Resonance fluorescence

measurements were made using a pulsed dye laser designed according to

Littman [10] and pumped by the excimer laser. Exciton rhodamine 590

was used in the 565 to 590 nm-range. The emission spectra were obtained

with a Spex 1702 3/4 m monochromator using a 1200 grooveslmm grating

in first order. With 100-mm-slits, the spectral bandpass was 3.5 cm" at 575

nm. The detector was a Hamamatsu R928 photomultiplier tube and the

data were collected with a EG&G PAR boxcar averager, model 4400.

Resonant, continuous wave spectra were obtained on a Spectra Physics

375 dye laser pumped by a Spectra Physics 164 argon ion laser. Exciton

rhodamine 560 was used in the 545 to 565 nm-range. The dye laser

output was less than 2 cm-' at 560 nm. The emission spectra were

recorded with a Ramanor U-1000 (ISA) double monochromator with a 1800
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grooves/mm grating. The signal was detected by a cooled RCA

C31034-02 photomultiplier tube in photon counting mode and proc€lssed

through the ISA Madel 980028 data acquisition and microcomputer interface

system. The low temperature work was performed with Iiquid nitrogen

(77K) using an Oxford Instruments continuous f10w cryostat (CF204).
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3. RESULTS AND DISCUSSION

3.1 Site-to-site energy transfer in Eu • ~"- alumina

We have presented elsewhere [8] the site distributions observed in Eu+3

exchanged W' which were found to be in agreement with the x-ray

structural data [4] and previous broadband fluorescence work (5].

Relevant to this discussion are the three speetra shown in Figure 2. The

splittings observed in the spectrum resonantly excited at 577 nm (bottom),

Le. 1,3,5 for J = O. 1, 2 are consistent with C2h symmetry and it has been

assigned to europium ions inan mO site [5.8]. The speetrum resonantly

excited at 569 nm (middle) is representative of europium ions in é'I BR site.

The top of the figure shows the excimer-excited broadband speetrum of

Eu+3 W'. We observe that the broadband spectrum has a shoulder at 608 nm

which is too pronounced to be accounted for by the sum of the sites. We

suspeeted that this increased emission at 608.1 nm could be dueto energy

transfer between the BR and mO sites. The possibility of recording

SD,~lFj emission in the broadband speetrum was deait with by introducing

a 50 Ilsec-delay in the acquisition which corresponds to the Iifetime of the

SOl state [7,8]. To verify our assumption. we accordingly performed

Iifetime measurements at both 608.1 nm (BR site 7F2 ) and 610.8 nm (mO
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site 7F2 ). At 77 K, the measurements both yielded similar decay times (Table

1), i.e 1.10 and 1.18 ms respectively. At 300 K however, the BR site 7F2

Iifetime (1.50 ms) was longer than that of the mO site 7F2 (1.14 ms) and we

could also observe a risetime (ca. 100 ms)which was not seen at the mO site

(Figure 3). That the decay times are faster at 300 K than at 77 K is not

unprecedented: ln their study of europium energy migration in EuMgAI"O'9'

a compound whose magnetoplumbite structure is closely related to that of

13"-alumina, Blasse et al. [11] showed that rise times such as observed here

were due to energy transfer between europium ions located in different

sites. Moreover, they showed that energy transfer could occur between

Eu+3 ions in the same plane as weil as between Eu+3 ions in different

planes with the first process being faster than the second. As temperature

is increased, the Iifetimes would also increase over the region where energy

transfer between different planes predominates. In 13"-alumina, this would imply

a transfer distance between planes of 11 .3 A which compares weil with the

12 A-interplane distance in EuMgAI ,10'9 .

3.2 Sm+3 to Eu+3 energy transfer in co-doped Sm+3:Eu+3 13"

Figure 4 shows the broadband spectra of ail three 13" samples studied. In

the co-exchanged 13"-alumina, the quenching of the 6H5I2•712+-4G512
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samarium emission coupled to the increased europium 7F2 emission at

608.1 nm shows that highly efficient energy transfer is occurring from

samarium to europium ions in BR sites. At 77 K, decay times measured in

the co-doped species (cf Table 1) compare weil with the measurements

recorded for Eu+3-13" with the exception that arise time is also observed at

608.1 nm. Table 1also shows that, at 300 K, the presence of samarium

along with europium in 13" does not significantly affect the europium BR

site capacity to accept energy. But at 77 K, in the presence of samarium, the

europium BR site becomes an acceptor as indicated by the rise time

observed at 608.1 nm. We could not distinguish whether samarium directly

transfers 4G512 energy to europium's 500 level or whether its incorporation into

the 13" matrix somehow induces europium mO-to- BR site transfer of the

type observed at 300 K in the Eu+3 crystal. To address this question, we

excited resonantly into the samarium 4G512 levaI. The results (Figure 5) show

that whenever quenching of samarium emission (595 nm) occurs,

europium BR-site 7F2 (608 nm) emission occurs. The 560.9-excited spectrum

shows no samarium quenching and the europium 7F2 emission is more of

the mO-site type, i.e not blue-shifted. Ali the data are consistent with the

occurence of energy transfer with a BR-site europium as acceptor. The

continuous wavs results point to the samarium 4G512 level as a possible donor.

But, in the absence of site-selective data for samarium, caution must be
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exercised. This ion is nota good candidate for site-selective studies because

its ground and first excited states are both degenerate. But the fact that

its 595 nm-emission is not quenched upon 560.9 nm-excitation while ~!ng

quenched at other excitations suggests that samarium, Iike its ri'lre earth

counterparts [4]. also has different sites, some of which coulr' be donors and

others not. More work is required to fully address the dynamic and mechanistic

questions. Ufetime measurements as weil as selectively acquired spectra

recording the ground state emission. should provide answers conceming the

presence of different sites for samarium.
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TABLE 1: Lifetimes recorded in the sDo-/F2 region for
EU+3~" and Sm+3:Eu+3·W with excimer excitation.

300 K:

77 K:

610.8 nm 608.1 nm 610.8 nm 608.1 nm

1.14 ms 1.50 ms' 0.85 ms 1.44 ms'

1.18 ms 1.10 ms 1.10 ms 1.10 ms'

• 100-Jlsec rise timl:l observed
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FIGURE CAPTIONS:

FIGURE 1: The free ion energy levels of Eu+3and Sm+3

" Sm+3 ~", the emission from.ihe lowest Stark

component of the 4GS12 level to the GHS12

ground state occurs at 560. 564 and 576 nm;

the emission to the GH7I2 level occurs at

589, 597, 600 and 605 nm. In Eu+3~", the

7Fof-
sDo• 7F,f-sDo• 7F2f-

sDo emissions

occur between 565 and 580 nm, 580 and 604 nm

and 605 and 623 nrn, respectively.

FIGURE 2: Emission spectra of Eu+3~"·alumina recorded at

77 K. Top: excited at 308 nm; middle: resonance

fluorescence excited at 569 nm; bottom: resonance

fluorescence excited at 577 nm.

FIGURE 3: Emission decay of Eu+3~" recorded at 608.1 nm,

77K. Insert: rise time.

FIGURE 4: Emission spectra of the ~"'aluminas excited at

308 nm and recorded at 77 K. Top: Sm+3- exchanged;

middle: Eu+3- exchanged; bottom: Eu+3:Sm+3- exchanged

FIGURE 5: Resonant emissio:'l spectra of Eu+3:Sm+3• exchanged

~"-alumina recorded at room temperature. Excitation

wavelenghts are shown on each spectrum.
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exchanged sodium ~"-alumlna
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ln this manuscript, the question of conflicting site assignments was addressed

(cf Introduction, p. 6). The selectively excited spectroscopy was done at Iiquid

helium temperatures and focused on the 5DO~7Fo-4 resonant emission. The

6.8 K resonant 5Do~7Fo emission in particular, not done by previous workers,

was felt to be absolutely required for proper assignments. Hard evidence was

also lacking for the assignement - anrived at by deduction - of the higher energy

emission to Eu+3 ions located in a BR site.
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Abstract

Site selective excitation of Eu+3 ~"-alumina into the 500

level (568 to 579 nm) shows that the europium ion occupies at

least two types of site distributions. The first

distribution occurs at the higher energy of the tuning range

and has site symmetrj C3V or C3• It corresponds to the

cr'lstallographic Beevers-Ross (BR) position. The other site

distribution is observed at lower energy and is associated

with the mid-oxygen (mO) crystallographic position (site

symmetry: C2h). We also show that interpretation of the

site-selective spectroscopy of Eu+3 ~"-alumina must take

into account the occurrence of site-to-site energy transfer

Iinked to vibronic coupling phenomena.
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1. INTRODUCTION

The ability of sodium ~"-alumina (Na1+,Mg,AI11.,o17; x = 0.67) to substitute

by ion-exchange a wide variety of mono:,- Cli- and trivalent cations has

stimulated considerable interest in the optical properties of this and related

materials. The crystal structure of sodium ~"-alumina belongs to the

centrosymmetric space group R3m1
• lt consists of closely packed spinellayers

11 .3 A-thick alternating with conduction planes (3.9 A) loosely packed with a

and mobile Na+ ions. The idealized structure has two sites available for cation

substitution in the conduction plane. They are referred to as mid-oxygen

(mO) and Beevers-Ross (BR) sites (Figure 1), corresponding to 9d (ma) and

6c (BR) positions in Wyckoff notation, with site symmetry C2h (C2 axis .L c)

and C3V (C3 axis 1 c) respectively2,3. In Eu+3 ~"-alumina, 96% of the

europium ions, substituting for sodium, occupy the mO sites coordinated to

three oxygen atoms located in the spinel layer above and to three oxygen

atoms located in the spinel layer below as weil as to two other oxygens in the

same conduction plane. The other europium ions (4%) occupy BR sites,

coordinated to three oxygen atoms in one spinellayer and to one oxygen in

anotherA . Table 1 shows the site symmetry selection rules. Under C2h

symmetry, the 5Do.../FJ emission of europium in an unperturbed ma site should

show splittings of 1, 3, 5, 7, 9 for J = 0, 1, 2, 3 and 4. Ukewise, the
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emission of europium in a BR site (C3vl should have the following splittings

for J = 0, 1,2, 3 and 4: 1,2, 3, 5 and 6. Previous Eu+3 W' spectroscopie

investigations5.6 faHed to discuss such splittings when attempting to clarify the

site occupancy of the europium ion. In-one publications, the Eu+3

fluorescence from the 502 and 50, levels was interpreted in terms of unusual

bonding and coordination characteristics as weil as showing the existence of

different types of mO and BR sites. In this laboratory, Brown and Simkin6

assigned three specifie sites to europium ions in 34% exchanged­

Na+~"-alumina on the basis of continuous wave emission spectra covering

the sDo..../F,.2 region. More recently, Laberge and Simkin7 reported evidence

for the occurence of europium-to-europium energy transfer in 20%

exchanged Na+~"-alumina. The present study was undertaken to clarify site

assignments in the Iight of energy transfer processes. Since a J=O

transition can not be split by the crystal field, we felt that site assignments

- complex in the presence of energy transfer - would be facilitated by also

recording the SD(I-+7Fo emission upon resonant excitation.
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II. EXPERIMF>.,JTAL

The sample 01 Eu'3!3"-alumina us~~ ~n this work was grown and

ion-exchanged by methods described previously8 . The europium concentration

in the crystal was 7.9 x 1020 ions/cc (20% 01 Na' ions exchanged for EU'3 ).

The sampie was heat-treated at 3000 C lor 6 to 24 hours belore experiments.

Differences in heat-treatment times did not affect the results within this

range. Resonance fluorescence measurements were performed using a

pulsed dye laser based on the design 01 Uttman and Metcalf and pumped with

an excimer laser (Lumonics TE-861 M-3) using a XeCI gas lill (308 nm).

Exciton rhodamine 590 was used in these experiments. The emission

spectra were obtained with a Spex 1702 3/4 m monochromator using a 1200

grooves/mm grating in lirst order. With 1OO-Il slits, the spectral bandbpass was

3.5 cm-' at 575 nm. A mechanical chopper was used to block the

monochromator slits from the exciting laser pulse. A 500 JlS-delay ensured that

the resonance fluorescence couId be recorded in the absence of stray laser

light. The detector was a Hamamatsu R928 photomultiplier tube and the

data were collected with a EG&G PAR boxcar averager, model 4400 and

digital signal processor. The low temperature work was performed with Iiquid

helium using an Oxford Instruments continuous f10w cryostnt (CF204).

Polarized emission spectra wero recorded with the incident radiation
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along the crystallographic c-axis of the crystal (Eincide", .1 c) and the detection

perpendicular to the incident laser. A sheet polarizer was followed by a

-
l

quarter-wave plate with its axis at 45° to that of the polarize.. The Iight

entering the monochromator slits was thus circulBrly - and not linearly -

polarized. In this geometry, the site-selo\)Îlve emission spectra were

recorded either with E Il c (a) or with E.l c (n).
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III. RESULTS AND DISCUSSION

Figure 2 shows the inhomogeneously broadened emission

spectrum of Eu+3 ~"-alumina, excited in the charge transfer region at 308

nm. The emission of interest (5Do..../Fo ) is lound between 565 and 579

nm. In Figures 3 and 4, we present the resonance fluorescence spectra

which result from tuning excitation through this region, recording the

5Do-/Fo.1•2 emission at 77 and 6.8 K respectively. At 77 K, two types 01

emission spectra can be recognized: first, in the spectra obtained with

higher energy excitation (Fig. 3, bottom), we observe several relatively intense

features in the 7Fo region and two broad emissions in the 7F2 ragion; in

the lower energy spectra, we observe a single emission in the 7Fo region

and several relatively intense peaks in the 7F2 region. We correlate the

observed spectra with the site symmetries expected Irom the x-ray results2
•
3

as follows:

A. The mid-oxygen site distribution

We assign the spectra obtained upon 576.1 and 577.2 nm-excitation

to the mO (Wyckoff 9d) site as they show the expected C2h splittings, Le. 1,

3, 5, 7, 9 for J = 0, 1, 2, 3 ana 4 (cf FigA, two top spectra and Fig.5,
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top). We note that the peaks are not totally symmetrical, which is

suggestive of an mO site distribution rather than a single, specifie site. We

also note that the sOo.../F2 emission is very intense. This transition is

known to be electric dipole in character. As such, it is thus forbidden for

europium ions located in a centrosymmetric site'O.11. In this spectrum, it

clearly predominates over the magnetic dipole - allowed transition (sOo-/F,

observed between 580.5 and 600 nm). Niewpoort, Slasse and Sril'2 have

shown convincingly that forbidden electric dipole transitions can become

allowed through the mixing of orbitais of opposite parity which can occur if

the inversion center is slightly distorted al the site" . It should be noted that

europium is substituting in a mobile ion system (conduction plane) and that

idealized site symmetry is therefore not expected to occur. Loss of

inversion symmetry has also been proposed in the case of Nd+3

W'-alumina'3 ,whose x-ray structure is very similar to that of the europium

species.4 Excitation at both 577.2 and 578.6 nm yield similar mO-type

spectra, for which we performed crystal field calculations. Assuming C2h

symmetry, we estimated crystal field parameters using the observed

splittings and parameters calculated from the x-ray atomic positions4 which

yield coordinates for Eu+3located in an mO site. The Sial parameters obtained

from point charge calculations over a 100 A- exploration sphere were

used as starting parameters for the crystal field calculations. Table 2
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compares the observed and calculated peak positions for the spectrum excited

at 577 nm using these C2h crystal field parameters and including the

effects of J mixing following the method described in reference 14. The

fit is reasonable and supports further the C2h character of the emissions

observed at 576.7 and 577.2 nm.

B. The BR site distribution

Inspection of the spectra obtained when exciting between 567.0 and

573.3 nm does not show a spectrum with the splittings expected for the other

crystallographic site (BR) of C3V symmetry, Le. 1,2, 3 for J =D,land 2 : we

never observed a single peak for J =0 . If we divide the tuning range into

regions of related spectra, we note that the spectra excited at 77 K

between 567 and 572.2 nm show similar spectral features characterized

by: a) eX1ra structure in the 5Do-/Fo region, b) a 5Do-/F2 emission

distinct from that of the C2h-type of spectra and c) the presence of

anti-Stokes luminescence at ca. 100 cm-' from the resonance line (cf.Figure

3).

At 6.8 K (Figure 4), the 5Do.../Fo eX1ra structure becomes well-resolved

into lines separated by ca. 30 cm-' with particularly intense emission from the

line located at ca 100 cm"' from the resonance line. We also note the
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absence of anti-Stokes luminescence and that the 5Do-/F2 emission is

different Itom that observed at 77 K for the spectra excited between 570.5

and 573.3 nm. We assign these spectra to europium ions located in BR

sites on the basis of their strong 5Do.../Fo·-ë"mission15.16 (electric dipole-

allowed under C3V)' the documented correlations associating a large energy

separation between the 5Do and 7Fo levels with large europium-to-ligand

distar.ces and the observed splittings of the 7F3 and 7F4 regions (Fig. 5,

bottom) in which the required 5 and 6 peaks can be recognized, as

expected for C3V symmetry. The presence of extra structure in the 5Do..../Fo

region in excess of the one peak predicted by group theory for C3V symmetry

suggests that we are observing severai 5Do~7Fo emissions, each

belonging to europium ions located in BR sites having a slightly different

local environment. The extra structure, however, is always observed to the

low energy side of excitation. This behavior led us to invoke the

occurrence of vibronic sidebands. IR's and Raman19.20 results show a rich

vibrational siructure for Na+ ~"-alumina. fhe low-frequency infrared

(

spectrum is vary complex and not well-resolved but the interpretation

associates the observed bands to sodium-oxygen vibrations without

specifying if the oxygens are located in the spinel or conduction layers.

The Raman results are much better resolved. At 15 K, they feature a sharp

band at ca. 111 cm", assigned to a phonon of the spinel block. As such,
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it is a characteristic of ail ~·-aluminas, since rare earth substitution occurs

in the conduction plane and not in the spinel layers. Of particular interest

is the frequency of a band located at ca. 33 cm" ,which is interpreted as

the "attempt" frequency mode for sodium conduction. To verity our

assumption, we plotted the speetra so as to display them with respect to

excitation set at zero (Figs 6 & 7). It is clear that there is structure

which does not shift with excitation, especially the peak found in Fig. 6 at

725 cm" from excitation (corresponding to the emission observed at ca

591-593 nm in Figs 3 & 4). We accordingly label this emission vibrational. We

also note that the strong emission at ca. 100 cm" does shift with respect to

excitation. At 570.6 nm-excitation (the excitation at which the

anti-Stokes luminescence begins to occur at 77K) we observe the emergence

of another, smaller peak from beneath this one. We believe that this is

indicative of the coincidence at about 572 nm of bath the 7F, of one site and

either a vibronic sideband or the 7Fo of another site. We were unable to

perform crystal field calculations on these spectra because we couId not

identity the 7Fo.,.2 components, as required for the fitting procedure to be

meaningful.

To characterize this rljgion further, we acquired polarized emission

spectra. As mentioned above, The BR site should have C3V symmetry in the

idealized crystal. Previous workers4 have argued for a reduetion in symmetry
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to C3 as a result of the superlattice structure. The polarized elllission is

consistent with either symmetry provided that the main C3 symmetry axis is

parallel to the crystallographicc-axis, wh~ch .is the case. The polarization

therefore does not depend on the orientation of the ab crystal plane with

respect to the direction of observation. Figure 8 shows the polarized emission

spectrum obtained upon 569 nm-excitation. The peak at ca 592 nm , assigned

as vibrational above, need not be discussed further. Table 3 shows that the

spectrum is in agreement with the polarization expected either under C3Y or C3•

Both symmetries should yield a a-polarized 5Do-+
7Fo emission, which is the

polarization observed for that transition. For a C3Y site symmetry, we need

to assign the second peak (a) to a second 5Do-+
7Fo emission, distinct from the

first, observed at 569 nm (0'). The emission at 583 nm (Tt) would be the E

component of the 7F1 emission with the Az component too weak to be

observed (magnetic dipole) or contained within the broad envelope of the

583-nm peak. This would spread the 7F1 manifold over some 120 cm-1

as expected for Eu'3 in a site of C3Y symmetry where this manifold is usually

observed to range between 70 and 220 cm-1
21,22. In the C3 case, the

second peak (0') would be assigned as the electric dipole-allowed A

component of the 7F1 manifold, the emission at 583 nm remaining

assigned as the E component. The 7F1 ragion would then extend over some

330 cm-1
, a value which is not sL!rprising in view of the complexity of
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these spectra. The behavior of the anti-Stokes emission is consistent with

this interpretation since it shifts with excitation as the 572-nm emission.

Site-selecting on the high energy side of the site distribution could then lead

to the simultaneaous selection of lower energy sites (differing by the amount

of energy of a phonon) as weil as the selected site. BR sites thus COUPled

would transfer energy along with the creation of one or more phonons of the

appropriate frequency (ca. 30 cm"' in this case). Alternatively, there are

phonons available to promote electron-phonon coupling of the type

proposed by Car023 and observed by Buijs and fjlasse24 in the EuMgBs0 10

system. These authors identified three sub-si\9S for europium, referred

to as "regular", trap 1 and trap 2 at separations of ca. 24 cm'1

(regular-trap 1) and 19 cm,1 (trap 1-trap 2) with both upwards and

downwards energy transfer possible. Comparison of the spectra obtained at

6.8 and n K (Figs 3 & 4) shows an intermediate region in the tuning range

between the BR and mO site distributions (Le the spectra excited between

570 and 573 nm) which differ at both temperatures in their sDo-+
7F2 emission.

At 6.8 K, where downward energy transfer is expected to predominate,

we observe mainly a mO-type of 7F2 region. At 77 K, the 7F2 emission

assumes BR character with the occurrence of 7Fo anti-Stokes emission,

showing that upward energy transfer is now favored. We explain elsewhere25

how upward transfer could predominate over the favored downward process.
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IV. CONCLUSIONS

This work shows that the Eu·3 ion occupies at least IWo site

distributions in 20%-exchanged sodium ~"-alumina. Site-selective

r
j

excitation in the higher energy range of the 5Do-lFo region yields composite

spectra. the result of 1) BR-multisite emission 2) spectral features belonging

to the mO-type of emission (weak but recognizable) due to downwards

energy transfer and 3) vibronic structure. In spite of their complexity. these

spectra are consistent with C3V or C3 symmetry. Excitation at lower energy

yields spectra which correspond to the slightly distorted crystallographic

mO position of C2h symmetry. The details of the energy transfer dynamics.

obtained from Iifetime measurements and site-selective excitation spectra

as weil as the further elucidation of the mechanism will be the object of a

future publication. Preliminary results, however, confirm that the mO and BR

site distributions are further characterized by different Iifetimes.
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FIGURE CAPTIONS:

FIGURE 1: Top: The Beevers-Ross site in Eu'3 j3"-alumina.

A' is the conduction plane. We show four column

oxygens (corners) and two .sodium ions per plane- -_..
(Wyckoff Sc). The plane is located between

spinel layers. The crystallographic c-axis is

perpendicular la the A' plane.Dark circles are

oxygens; open circles are nearest oxygen neighbors.

Bottom: The mid-oxygen site (After ret. 2S)

FIGURE 2: Broadband emission spectrum of Eu'3 j3"·alumina

(20% exchanged) recorded at 77 K.

FIGURE 3: Resonance fluorescence spectra of Eu+3 j3"-alumina

recorded at 77 K , tuning the excitation through

the ~DoE-7Fo region. The excitation wavelength

is shown on the left.

FIGURE 4: Resonance fluorescence spectra of Eu+3 j3"·alumina

recorded at S.8 K, tuning the excitation through

the 5DoE-7Foragion. The excitation wavelength

is shawn on the left.

FIGURE 5: Resonance fluorescence spectra of the 7F3 and 7F.

ragions of Eu+3 j3"alumina recorded at 6.8 K. The

excitation wavelength is shown on the left.

FIGURE 6: Expansion of the 5Do~7Fo region of the 6.8 K

Eu+3 13" spectra plotted as shift from excitation Â.
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FIGURE 7: Expansion of the sDo..../Fo.1 region of the 77 K

Eu.:! ~" spectra plotted as shift from excitation À.

FIGURE 8: Polarized emission spectra.9f Eu+3 ~"-alumina

recorded at 6.8 K. À.x: 569 nm.

[ cr = E nc; 1t = E .L cl
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Table 11 Site Symmetry Selection Rules

Transition Csv Czh

1I0 .....7F Al (EO;z) Ag (1'10;z)
o 0

1I0 .....7F Az (1'10;z) Ag (1'10;z)
0 1

E (EOlIl,y) 2Bg (1'10; '/)

1I0 .....7F Al (ED,z) 3Ag (1'10;z)
o z

2E (ED;II,y) 2Bg (1'10;II,y)

1I0 .....7F Al (ED;z) 3Ag (l'1D;z)
o •

2Az (1'10;z) 4Bg (l'1D;II,y)

2E (ED;II,y)

1I0 .....7F 2Al (ED;z) 5AQ (1'10;z)
o 4

Az (1'10;z) 4Bg (l'1D;II,y)

:sE (ED;II,y)
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TABLE 2. Obs.rv.d .nd calcul.ted peak pas! Hons of thtP ..a

.tt. wlCcited .t ~77. 2 n. and of Czh sYmMetry.

Cry.tal field pa,.•••te,.. Cc.-·), s&. -lO83.~1
01· 34~.3; (ri. -106.07 (il, 0&. 94~.29 1
sf· ~.68 Cr), -91.41 (,1), B:'-~.J2 Cr).
3.60 (il; 08 • 1299.0, ur. 0.10 (rI. 6:18.39 (ilu: • 39.49 (ri, -~4.6~ (11.

n".n.! tion P••k po.! tion
Ob••"ve Calcul.tH

(n.) (c.-· fra- ••c.) Cc.-I 1,.0. ••c.)

'D -."F
~77.2 0.00 0.00o 0

'0 --.'F :183. ~ 187.10 190.060 •
~91.~ 418.80 423.0~

~97.7 ~94.20 :186.79

!!ID -.'F
o • 611.0 9:18.40 947.30

614.~ 10~1.60 ':''''-.:'.31
616.~ 1104.40 1111.68
617.~ 1130.70 1128.99
623.0 1273.6~ 1287.38

'0 ---.'F 648.0 1892.90 1902.32

(
0 •

649.0 1916.70 1919.32
6~.0 1940.40 1942.19
6~2.0 1987.60 1991.12
6:.4.~ 2046.20 2047.31
6~.0 20111.10 206~.8~

6~7.0 2104.30 2102.~9

'D -.'F 684.0 270~.10 7.110.94o •
1IBlI.0 2790.10 2701.68
693.0 2B9~.00 2S92.0'J
69~.0 2936.~ :.1938.19

297~.61

697.~ 2988.10 298794
703.0 :5100.30 34)9,.83
704.0 312O.~ 312~.~9

70:t.5 3150.70 31~~.03
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Table 3s Polarization of transitions

Point Group C3v

:JD -.7F Al ( 0')
o 0

:JD -.7F Az (n)
o 1

E (n)

:JD -.7F Al (0')
o z

2E (n)

C3

A (0')

A (0')

E (n)

A (0')

2E (n)

',-

[0' refers to ~ n c and n to ~ ~ c polarizationsJ
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Antl·Stokes luminescence and energy transfer

ln Eu·3~"·alumlna

(501ld State Commun. 81(10), 873 (1992)]



This manuscript proposes a scheme for the site·to·site energy transfer occurring

in Eu·3~"·alumina. The anti-Stokes experiment also confirms the conclusions of

the previous manuscripl wilh respect ta the presence of a 5Do~7Fo emission al

572 nm. Indeed, if this emission was solely a 5Do~7F, emission, no spectrum

would result when exciting at 3.5 K.
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ANTI·STOKESLUMINESCENCEAND ENERGYTRANSFER IN Eu+3~'-ALUMINA

M. LABERGE, M. NAFI and O. J. SIMKIN
Oepartment of Chemistry, McGiII University, Montreal
Quebec, Canada, H3A 2K6

and

B. OUNN
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Dye-laser excitation into the 500 level of Eu+3~'-alumina results in anti­

Stokes luminescenceabove35 K. Thetemperature-dependence ~fthe 500-./F0

emission is consistent with the occurrence of phonon-assisted energy

transfer between europium ions located in different sites. Our results are

also indicative of some unusual competition between upward and downward

energy transfer.
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1. INTRODUCTION

Sodium 13"-alumina has recently been proposed as an interesting matrix

for the study of energy transfer interactions between rare earth ions [1].

The structure is known to consist of AI+3 and 0.2 ions arranged in spinel

blocks separated by a conduction plane in which rare earth ions

predominantly substitute for the Na· ions occupying mid-oxygen (mO) sites

and, to a lesser degree, Na· ions found in Beevers-Ross (BR) sites [2].

This conduction plane is not close-packed and provides an environment of

flexible symmetry for the rare earth impurities. At UCLA, trivalent rare

earth ions are now routinely incorporated in sodium 13"-alumina

(Na, Mg AI" 0 7) using single or dOlJble-doping techniques. Energy+x x -x 1

transfer in rare-earth subsiituted 13"-alumina was first observed by Momoda

et al. [1] in the Ce+3-Nd+3, Ce+3-Tb+3 and Ce+3_Pr+3 couples with Ce+3

acting as donor. The transfer mechanisms were not fully characterized but

the results were found to be consistent with the occurrence of non·

radiative processes. Up-conversion was also observed in the Yb+3_Er+3

couple. More recently, Laberge and Simkin reported some evidence for energy

iransfer in the Eu+3·Sm+3 couple as weil as between europium ions in

Eu+313"-alumina [3]. Energy transfer between rare-earth ions of the same

eiement occupying different sites has also been ObSei"'tld in closely related

materials [4,5]. In this work, we examine one of the interestmg

spectroscopie features of the 5Do-lFo luminescence of Eu+313"-alumina: the

occurence of anti-Stokes emission at 35 K. This phenomenon is not common in

crystals doped with only one rare-earth element [6,7] in the context of
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energy transfer and in this paper, we present the temperature dependence of

this unusual emission under site-selective laser excitation.
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2. EXPERIMENTAL

The W'-alumina crystal was grown and exch&nged as previously described

[1] with europium concentration of 7.9 x 1020 ions/cc (20% of Na+ ions

exchanged). The sample was heat-treated at 300°C for some 6 to 24 hours

before experiments. Within this range, differenc"ls in the amount of time

the samples were subjected to heat did not affect results. Resonance

fluorescence measurements were made using a pulsed dye laser designed

according to Liltman [8] and a mechanical chopper arrangement to block the

monochromator slits from the exciting laser source. The dye laser

oscillator was pumped with a Lumonics TE-861 M-3 excimer laser with a XeCI

fill (308 nm-emission), triggered by a pulse derived from the chopper. The

delay introduced by the chopper before signal acquisition was 500 J.lS, which

is weil within the limit set by the europium lifetime in this matrix ('t =

3.0 ms @ 3 K; 2.8 ms @ 77 K). Exciton rhodamine 590 was used. Spectra were

recorded using a Spex 1702 3/4 m monochromator fitted with a 1200

grooves/mm grating in first-order. The spectral bandpass was 3.5 cm" at

572 nm with 100 Il-slits. The detector was a Hamamatsu R928 photomultiplier

tube and the data were collected with an EG&G boxcar averager, model 4400.

The low temperature work was pertormed with Iiquid helium, using an Oxford

Instruments continuous flow cryostat (CF 204).
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3. RESULTS AND DISCUSSION

Figure 1 shows the temperature-dependence of the Eu+3 ~H-alumina

emission upon site-selective excitation at 569 nm in the sOo levaI. Two

prominent peaks are observed: the resonance at 569 nm and a s!ronger peak

at 572.5 nm. Figure 2 shows the same temperature range for 572 nm

excitation. Three temperaturc regimes can be discerned under 572 nm

excitation. From 3.5 k ta 25 k, we observe the resonant emission peak as

weil as a peak ca. 576 nm. At 35 K and 45 K, we still observe the resonant

and 576 nm emissions as weil as the growth of an anti-Stokes emission at

569 nm. Finally, at 77 K, the Stokes emission has disappeared, leaving only

the resonant and anti-Stokes emission bands.

Anti-Stokes emission is only observed ca. 100 cm" from excitation. As

such, it clearly does not originate from higher sOJ levels. If this were

the case, anti-Stokes luminescence corresponding ta the sOl-iFo or the

s02-iF0 manifolds should have also been observed in the 530 or 480 nm

regions. Another obviaus possibility could be that we are observing an

electronic or vibrational Raman effect. Indeed, within the same site, the

absorption of a lattice phonon could populate a component of the 7F,

multiplet or a vibrational sublevel of the 7F0 state. If that were the

case, we would expect the luminescence spectra under 572 and 569 excitation

ta be identical. Figure 4 shows that this is not the case. We interpret

these results as evidence for the occurrence of phonon-assisted energy

transfer processes between Eu+3 ions located in different sites. The

diagrams preGented in Fig. 3 help ta rationalize our observations as weil

as Fig. 4 which shows the three types of emission~ observed from the sOo

level in Eu+3 ~"-alumina. They are referred as sites l, Il and III for the
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purposes of this discussion.

Selective excitation :nto the 5Do-/Fo transition of site 1 (Fig. 3a)

followed by the creation of a phonon (a.)-and energy transfer from site 1to

site Il leads to the observation of simultaneous emission from lloth of

these sit::!s. Due to the expected average distance beIWeen europium ions,

exchange processes are not expected to occur and some form of multipolar

coupling must therefore be involved. Under the same excitation conditions,

as the temperature increases, the ratio of intensities of the IWo emissions

is expected to remain approximately constant; this is fully consistent with

the experimental results presented in Fig. 1.

At the very low temperatures only downward energy transfer from site

Il to site III is expected to occur (Fig. 3b). Consequently, at

temperatures between 3.5 and 25 K, the emission spectra obtained under

selective excitation into the 5Do-lFc transition of site Il are expected

to show the resonance at 572 nm as weil as Stokes emission at 576 nm (Fig.

2). As the temperature incraases, processes which require the annihilation

of a phonon start to oceur. Fig. 3c i1/ustrates the intermediate

temperature regime where such processes are expected to co·exist with the

ones that were present at lower temperatures. In a simple model, involving

single phonon processeswithcomparablephonon occupation numbersandequal

multipo!ai coupling strengths between ail relevant levels, one expects to

see the scheme i1/ustrated in Fig. 3c prevail as thetemperature is

increased even further. However, as previously noted, Fig. 2 clearly shows

that the growth of the anti-Stoke,> peak at 569 nm is accompanied by a

decrease of the intensity in the Stot;as peak at 576 nm (35 K to 45 K). The

same figure also shows that at 77 K, the upward process predominates to the
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point where emission from the site at 576 nm completely disappears. Examination

of the 5Do-/Fo.,.2 spectra (Fig. 4) at both temperatures leads to the same

conclusion. Indeed, at 6.e K the spectrum obtained under 572 nm excitation (site

Il) is dominated by leatures that are clearly characterisitic of the emission from site

III, while at 77 K it is the features from site 1 that predominate. These

experimental data are inconsistent with the persistence of the scheme described

in Fig. 3c at temperatures higher than 45 K and suggest, rather, that the process

illustrated in Fig. 3d is taking place.

One possible explanation for this seemingly unusual observation is the

possible existence of a very large multipolar interaction between site 1and site II.

Such an interaction could arise from the privileged geometrical relationship

between siter 1and II. In this perspective, downward energy transfer occurs only

whIJn the upward is thermodynamically impossible. The system readily lollows the

channel of the upward transler as soon as it becomes physically available because

of the special relationship between site 1and II. The assumption that these two

sites are closely coupled is lurther supported by the experimental lact l!'lat the 569

nm excited spectra (Fig. 1) show nearly exclusive downward energy transler to site

Il (572 nm emission). In EuMgAlllO'9 [5], Buijs at al. invoked the distinction

between intra-planar and inter-planar energy transfer to explain the unusual

temperature dependence 01 the dynamics 01 the Eu·3 luminescence. Considering

that sodium ~·-alumina is a very similar material and that the average distance

between Eu·3 positions within the same plane and in two consecutive planes are
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very comparable in the two systems (5.6 Aand 11.3 A respectively) we would

expect ta be able ta draw similar conclusions concerning the occurrence 01 inter·

planar energy transler: at a temperature close ta 77 K, inter-planar energy transler

starts ta occur because the probability of such a process becomes approximately

equal ta that of radiative decay. On the ot~er hand, because 01 coulombic

repulsions, a Eu·3 located in a given site is more Iikely ta have its first Eu·3

neighbour in a different plane rather than within the same plane. Therefore, when

inter-planar energy transfer processes start ta occur they are Iikely ta predominate

over intra-planar processes. We suggest that this couId be the explanation for our

own observations.
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FIGURE CAPTIONS

Fig. 1: Temperature dependence 01 the 50o-/Fo regior. upon 569 nm

dye-laser excitation in Eu+3~"-alumina.

Fig.2: Temperature dependence 01 the 50o-/Fo region upon 572 nm

dye-laser excitation in Eu+3W-alumina.

Fig. 3:Energy transler scheme: (a) 569 nm excitation,

at any temperature T, (b) 572 nm-excitation,

3.5 K < T < 25 K, (c) 572 nm-excitation,

35 K < T < 45 K, (d) 572 nm-excitation,

T > 45 K. Vetical arrow indicates excitation processes,

(a' 0 indicates the annihilation 01 a phonon a',

(a) indicates the creation 01 a phonon a and E.T

stands lor energy transler.

Fig. 4:50 -/F, 2 emission regions under 569 (site 1),o ",1,

572 (site Il) and 577 nm- excitation (Irom bottom to top).

(A) T = 6.8 K, (B) T = 77 K.

Intensities in each spectrum normalized to the most intense peak.
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ln this last section, the laser excitation spectra of Eu+3~·-alumina acquired at

CNRS Lyon are presented and the decay times are fitted to the Inokuti­

Hirayama equation, thus showing that the observed energy transfer has

multipole charcter.
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Abstract

Laser excitation spectra of Eu·3~"-aluminaand resonance fluorescence decay

measurements perlormed on the sDo-+
7FJ emissions confirms the BR and mO

multisite character of the Eu+3ion in the ~"-matrix. The non-exponential decays

and the risetimes observed show that energy transfer occurs between sites

within the conduction plane by a multipole mechanism.
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1 INTRODUCTION

The structure of Na·~-alumina contains spinel blocks of closely packed

AI·3and 0.2 ions alternating with conduction planes consistlng of loosely packed

Na+ and 0.2 ions, allowing rapid migration of Na· ions. The Na· ions occupy two

crystallographically equivalent sites, referred to as Beevers-Ross (BR) and anti­

Beevers-Ross (aBR) sites (Wyckoff position 6d) as weil as a mid-oxygen

position (Wyckoff 9d) [1]. Trivalent rare earth ions can be incorporated into the

conduction plane where they substitute for the Ne+ ions without disturbing the

spinel layers, occupying either BR or mO sites [2]. The main effect of

substitution is to modify the c parameter (33.54 Ain Na+W-alumina vs 33.190

Ain Eu+3~"-alumina) and to distort the positions of the conduction plane ions.

Figure 1 shows the sites available for substitution in Eu+3~"-alumina.

Energy transfer between trivalent europium ions has been studied in

many different crystalline systems [3-5]. Of particular interest is the work

perlormed on lanthanum magnesium aluminate (LMA) whose structure is closely

related to that of ~"-alumina [3]. In this system, the europium ions - distributed

according to these authors in four different sites - are also located in planes

perpendicular to the crystallographic axis. In LMA, the separation between two

Eu+3 ions is 5.6 Aand 12 Abetween two Eu+3 located in different planes. At

4.2 K, energy transfer occurs via dipole-dipole interaction. In ~"-alumina, high

non-radiative energy transfer efficiencies were measured in crystals co-doped

with both activator and sensitizer ions (Ce+3-Nd·3; Ce+3-Tb·3; Ce+3_p(3) [6]. In

a recent site-selective study of Eu+3~"-alumina,we assigned spectra to Eu+3 ions

located in two different crystallographic site distributions, namely the BR and

mO distributions [7]. We also presented evidence for the occurrence of site-to­

site energy transfer in this material [7-9]. This work was undertaken to

complement the previous site-selective study and address the energy transfer
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processes more fully. Also, previous energy transfer studies were - to our

knowledge - O\lways per'?rmed by exciting into the 50,.2 levels rather than

directly into the resonant 500 levl!. In this sense, these studies had the

drawback of not being rigorously site-selective due to the oc.currence of

numerous él.ccidental degeneracies in the ernissions of the different manifolds.

The energy transfer schemes usually proposed in these studies are thus derived

from complex spectroscopie measurements, Le a 502 population can transfer

energy to another 502 site or to a 50, belonging to the same or to another site,

etc. which results in far too many competing processes.
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Il EXPERIMENTAL

The crystal of Eu·313"-alumina used in this work had a concentration 01 7.9 x 1020

ions/cc (20% of Na' iO!1s exchanged for Eu·3 ions). The sample w~s subjeetec

to heat treatment (300° C) for 8 hours before experiments. Resonance

f1uorescen'..:e experiments were performed using a pulsed dye (Exciton

rhodamin 3 ,590) laser designed according to Littman (10) and pumped with a

Lumonics l'E-861 M-3 excimer laser filled with XeCI gas (308-nm emission).

Speetra were recorded with a Spex 1702 3/4 m monochromator fitted with a

1200 grooves/mm grating in first order. The spectral bandpass was 3.5 cm" at

575 nm with 100-11 slits. A mechanical chopper was used to block the

monochromator slits from thJ exciting laser pulse. The detector was a

Hamamatsu R928 photomultiplier tube and the data were collected with an

EG&G Parr boxcar a,'erager, model 4400 and digital signal processor. Laser

excitation spectra were measured using a nitrogen-pumped dye last:lr. Decay

times were measured using a pulsed dye laser (R590) pumped by a f,'",quency­

doubled VAG Quantel laser, model TDL50. The luminescence was analyzed

with a Jobin-Vvon monochromator with a 25 À/mm resolution. The data were

colleeted with a Stanford Research SH430 multichannel scaler. The low

temperature work was performed using a closed-cycle refrigerating unit.
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III RESULTS AND DISCUSSION

Figure 2 shows the two different emission spectra obtained upon site-selective

excitation of the sDolevel of a EU"I3"-alumina crystal and representative of the

europium ions located in mO (Fig. 2, B) and BR (Fig. 2 C) sites. Figure 2, A

suparposes both mO and BR spectra and table 1Iists the assignments of the

observed transitions. We previously discussed [7] the difficulties associated with

spectral assignments and :,ow the 569 nm·excited spectrum could be

interpreted as consistent with either C3Y or C3 10cal site symmetry. The important

conclusion however is that ihs 572 nm-emission is indeed a sDo..../Foemission.

r:xciting at 569 nm always results in exciting one BR subsite which transfers

energy to another BR subsittl located some 100 cm-' away. Under C3 , the 572

nm-emission is interpreted as the accidentai coincidence of the emission of the

A component of the sDo-/F, emission of the directly excited subsite and of the

sDo-/Foemission of another BR subsite located ca 100 cm-' away from the first.

Under C3Y ' The 572 nrn-emission is solely assigned to the 5Do~7Fo emission of

the other close site indirectly exciteci by energy transfer from the directly excited

site.

To c1arify these assignments we then recorded the laser excitation

spectra by monitoring the emission where minimal site overlap was observed

(cf Fig. 2 A). Upon monitoring an mO-type emission (such as 591.5, 597.7,
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611.5, 614.4 or 617.3 nm) we ..:;otained axcitation speetra such as shown in

Figure 3, B. Peak positions we:e the same for ail mO excitation speetra. We

can recognize three site distributions with maxima at ca 574.3 (17412.5 cm"),

577.2 (17325.0 cm") and 579.0 nm (1 n71.2cm"). Figure 3, A shows a

speetrum acquired while monitoring a BR-type emission (620.9 nm) which has

almost no mO-type overlap. Four site distributions are apparent with maxima al

ca 568.9 nm (17577.8 cm"), 574.3 nm (17412.5 cm"), 577.7 (17310.0 cm") and

579 nm (17271.2 cm"). Figure 3, C shows a region of maximun BRlmO overlap

(611.2 nm) wilh the higher energy emitting center 100 weak 10 bl3 observed.

Figure 4 shows another BRlmO overlap-type excitation speetrum (À.mon =610.1

nm) and it shows the higher energy sile. To verity whether energy was indeed

transferred between the high-energy BR subsites, we recorded excitation

speetra monitoring in the 5Do~7Fo region (Fig. 5). They always show peaks ca

100 cm" before the monitoring wavelength. We then measured the decay time

of the 572 nm emission upon 569 nm-excitation. We observed a fast risetime

(Figure 6) which confirms the "multisubsite" charaeter of the BR-site distribution

and that these sub BR sites do indeed transfer energy amongst themselves.

We also recorded the decay times at longer times (over 15 to 40 msec).

Figure 7 shows the decay of the 569 nm-emission upon 569 nm-excitation, Le

of a pure donor site. We used the Inokuti-Hirayama equation (11)'Nhich fits the

decay of donor intensity in the absence of backtransfer:
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I(t) = 10 exp [-tIta - r (1-3/s)cico(tJta)31S] (1)

where the donor-acceptor interaction is of mültipolar type (s = 6 for dipo'e­

dipole; s = 8 for dipole-quadrupole and s = 10 for quadrupole-quadrupole

interaction), 1
0

is the intensity at t = 0, ta .is The radiative decay time, ca the

acceptor concentration and Co the critical transfer concentration, evaluated

using:

C ·1 _ 4/3ltR 3o - 0 (2)

(

where Ro is the critical transfer distance for which the rate of energy transfer

equals the radiative decay rate. The decay times of the emissions recorded for

569 nm-excitation could ail be reasonably weil fitted to (1) for s =8 and 10 and

somewhat more poorly for s =6 (cf Table Il). In performing the fitting procedure,

we allowed the radiative Iifetime to be a free parameter and the dipole-dipole

fit yielded radiative Iifetimes that were too long for europium. We accordingly

conclude that the dipole-dipole mechanism is the least adequate. Futhermore,

considering that the distance between!Wo europium ions located in adjacent BR

sites is of 5.6 À [2] we can also conclude that Eu+3 ions located in BR sites

transfer energy amongst themselves by dipole-quadrupole or quadrupole­

quadrupole interaction. The distances are shortened in the 572 nm-emission fit

(Fig. 8) but we must bear in mind that this emission has bath acceptor (from the

higher energy BR site) and donor (to lower energy sites) character. Finally, it

should be noted that a concentration dependence study would surely distinguish
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between the proposed mechanisms.

CONCLUSIONS

This work, in conjunction with our previous site-selective Eu·3~"-alumina study

[7], represents a valiant effort at trying to elucidate in resonance some of the

site-to-site energy transfer features of a system characterized by great

complexity (multisites, overlap betwaen donors and acceptors, impossibility to

directly measure a BR-type or mO-type spectrum not affected by energy

transfer or vibronic phenomenal. It will provide a basis for investigating the

dynamics of energy transfer processes in other ~"-alumina co-doped materials.

Our results can be summarized as follows: upon incorporation into the

~"-alumina matrix, europium ions occupy either BR or mO site distributions.

There are four broad emitti.1g centres (Fig. 3, A & 4). Two are identified as as

mO sites (with maxima at ca 577.2 and 579.9 nm). The higher energy site

distribution (568 to 573 nm) are a series of BR subsites separated by ca 100

cm-' which can be selectively excited and which transfer energy amongst

themselves. The distribution centered at ca 574.5 nm can not be assigned to

either BR or mO positions. It seems to provide the Iink between high energy BR

sites and lower energy mO sites. That the europium ions exhibit such multisite
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spectroscopie behavior is not too surprising considering the intrinsic defect

structure of the host crystal.
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TABLE 1: Observed emission of the BR and
mO sites respectively excited at 569.03
and 577.2 nm at 4.2 K. Assignments made
according to ref.7.

BR Stte (C,,)

Transttion Observed cm"
(nm) Irom ex.

5Do--+'Fo 569.03 (A,) 0.00

5Do--+'F, 583.27 (E) 430.00
593.06 (A,,) 712.00

5Do--+'F. 608.54 (A,) 1141.00
610.4 (E) 1191.00
620.9 (E) 1468.09

BR Stte (C3)

5Do--+'Fo 569.03 (A) 0.00

5Do--+'F, 572.56 (A) 109.02
583.27 (E) 430.00
593.06 vib. 712.00

5Do--+'F. 608.54 (A) 1141.00
610.40 (E) 1191.00
620.90 (E) 1468.09

mO Stte (C.,)

5Do--+'Fo (A,) 577.2 0.00

5Do--+'F, (Ag) 583.5 187.10
(B,) 591.5 418.80
(B") 597.7 594.20

5Do--+'F. (Ag) 611.0 958.40
(Ag) 614.5 1051.60
(Ag) 616.5 1104.40
(B,) 617.5 1130.70
(B,) 623.0 1273.65
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TABLE Il: Resulls of the fils 10 eqt. (1).

569 nm-emission
upon 569 nm-ex. (6 K)

Interaction 'Co Ro R r
dipole-dipoJe 12.1 ms 6.8 A 0.99433 1.n245

dipole-quadrupole 5.0 ms 5.2 A 0.98274 1.43453

quadrupole-quadrupole 4.5 ms 5.1 A 0.99393 1.29806

572 nm-emission
upon 569 nm·ex. (6 K)

dipole-dipole 10.0 ms 6.3 A 0.99143 1.n245

dipole-quadrupole 4.2 ms 3.9 A 0.99911 1.43453

quadrupole-quadrupole 4.1 ms 4.1 A 0.99908 1.29806
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FIGURE CAPTIONS:

FIGURE 1: Conduction plane of sodium W-alumina. View is looking down

on plane. Open circles are oxygens above plane; shaded circles

are oxygens below plane; dari< circles are oxygens in plane;

There are three conduction planes per unit cell and each

contains two BR and three ma sites.

FIGURE 2: A - Superposition of ma (dashes) and BR (line)-type spectra.

B - Emission spectrum of Eu+3~"-alumina selectively excited

at 577.2 nm and acquired at 4.2 K.

C - Emission spectrum of Eu+3~"-alumina selectively excited

at 569.0 nm and acquired at 4.2 K.

FIGURE 3: Laser excitation spectra of Eu+3~"-alumina acquired at 8 K.

A - Monitoring 620.9 nm (predominantly BR-emission)

B - Monitoring 614.5 nm (predominantly mO-emission)

C - Monitoring 611.2 nm (maximum BRlmO overlap)

FIGURE 4: Laser excitation spectrum of Eu+3~"-alumina acquired at 8 K,

monitoring 610.1 nm, BRlmO overlap ragion.

FIGURE 5: Laser excitation spectrum of Eu+3~"-alumina acquired at 8 K,

monitoring the 5Do..../Fo region, namely 572.5, 572.0 and

571.5 nm.

FIGURE 6: Risetime observed at 572 nm upon 569 nm-excitation at 8 K.
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FIGURE 7: Fluorescencedecay time measured at 569 nm following pulsed

selective excitation (T = 6 K) at 569 nm. The full line

is the bast fit to eqt. (1) using s = 8.

FIGURE 8: Fluorescence decay time measured at 57~ nm following pulsed

selective excitation (T =6 K) at 569 nm. The full line

is the best fit to eqt. (1) using s =8.
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CONCLUSIONS

Il is with confidence that this thesis proposes the occurrence of site-to­

site energy transfer in Eu+3~-alumina by a dipole-quadrupole or quadrupole­

quadrupole mechanism. This finding also explains many features of the Eu+3

spectral characteristics which were poorty understood before, such as the

observed "extra peaks" in the emission spectra. More significantly. the work

also proposes to carry out energy transfer studies in resonance, Le. by exciting

the lowest excited level of the ion and monitoring only the emission of that level

including the important resonant emission. This is particularty required to also

take advantage of the emission characteristics of an ion such as Eu+3which has

non-degenerate ground and first excited states. Eu+3is always described in the

literature as a "useful probe" for that raason and yet, published studies are still

based on [he acquisition of 50,.2 excited levels.

Contributions to knowledge:

The contributions of this work can be summarized as follows:

1. The first site-selective resonant study of the site-ta-site energy

transfer between Eu+3ions is presented.
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2. In the W'-alumina host, the Eu'3 ion occupies site distributions which have

been associated with the crystallograp:tic BR and mO positions.

3. Energy transfer occurs between subsites within the BR site distribution

by a multipole mechanism and downwards to the mO site distribution.

4. The question of conflicting assignments by previous workers is resolved.

5. The first site-selective polarization work on this material is presented.

6. The first 3.5 K resonant excitation and emission spectra of Eu·3W'-alumina

are also presented.

Suggestions for futher work:

1. A concentration dependence study would further probe the exact nature

of the multipole energy transfer interaction.

2. A Raman study wouId allow positive identification of the europium

vibrational structure.

3. The crystal field C3• fit could also be performed alter the vibrational

spectral assignments are made.
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This appendix presents the lits to the Inokuti-Hirayama equation obtained for the

decay times of Eu·313-alumina measured ;:l.t 6 K.

Fits A - C are for the data acquired exciting at 569 nm and monitoring at the

same wavelength.

Fits D - F are for the data acquired exciting at 569 nm and monitoring at 572

nm.

Fit A: dipole-dipole, s = 6

Fit B: dipole-quadrupole, s = 8

Fit C: quadrupole-quadrupole, s = 10

Fit D: dipole-dipole, s = 6

Fit E: dipole-quadrupole, s = 8

Fit F: quadrupole-quadrupole, s = 10

The fits were performed using Prof. Grosser's Kaleidagraph software using the

user-defined funetion menu option.
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