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CHAPTER I

INTRODUCTION AND SUMMARY

In the present day society inorganic luminescent materials are used in a

wide variety of applications. Their use in luminescent lamps and colour

television tubes is well known, but they also are applied in x-ray

intensifying and storage screens, laser materials and solar concentrators

[1 - 7]. A special class of luminescent materials are those in which the

luminescent centre is a rare-earth ion. Rare-earth ions are known for their

luminescence properties. In general they exhibit sharp lines in their

excitation and emission spectra, corresponding to electronic transitions

within their partially filled 4f shell. This shell is effectively shielded

from the environment of the ion by the 5s and 5p shell, which means that the

energy level scheme of the rare-earth ions is largely independent of the host

lattice. The energy level diagrams of some trivalent rare-earth ions which are

of interest in this thesis are given in fig. 1.

A particular area of attention in the study of rare-earth ions has been

the investigation of energy transfer processes [9] . In concentrated rare-earth

compounds the excitation energy can migrate over the rare-earth sublattice to

acceptor sites via multi-step energy transfer. These acceptors may be

quenching centres (e.g. impurities or lattice defects), which leads to

quenching of the luminescence, or some other kind of luminescent centre, which

results in emission from this centre. The former is an undesirable effect for

most applications, the latter is the basis of newly developed lamp phosphors

[10] . This makes clear that a thorough knowledge of energy transfer processes

in rare-earth compounds is very important. Studies on energy migration in

.j • compounds with a one- and two-dimensional rare-earth sublattice have been

j*^ performed by Berdowski [11] and Buijs [12], respectively.'"in this thesis some

£•<• studies are presented of the luminescence and energy transfer in compounds

**' containing Eu3+, Pr3+ and Gd3+ ions..,

' Chapter II deals with the system Gdt-xEUjtCIOs^. In the concentrated Eu3+

compound there is no energy migration at temperatures below 25 K. At higher
r.

v temperatures the migration process occurs by thermal population of the 7F1

'(.': level of the Eu3+ ions. The migration, which is diffusion limited, has only a

(•.'"•• weak temperature dependence. This is due to the fact that the interactions
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Fig. 1. Energy level diagram of some trivalent rare-earth ions (after ref. 8) .

between the Eu3+ ions are very weak.

In chapter III the luminescence properties of the Pr3+ ion in the system

Laj-jtPrjjMgAlxxOia are reported. The luminescence of the excited 3P0 and
 1D2

levels of Pr3+ is quenched by cross relaxation via single-step energy transfer

to neighbouring Pr3+ ions in the ground state. The cross relaxation consists

of two processes: |3P0,
 3H<> - I'G,, 'G*) and ^Dg, 3H»> -» |k^, 3Ft>.

In chapter IV the luminescence properties of alkali europium double

tungstates and molybdates AEuW208 and AEuMo208 (A
+ - alkali metal ion) are

discussed. These properties differ mutually depending on the crystal structure

type. The energy migration process reflects the dimensionality of the Eu3+

sublattice: two-dimensional in KEuMo208 and one-dimensional in KEuW2O8 and

RbEuW2O8.

The luminescence and energy migration characteristics of the
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isostructural systems LiGdj.jEu^F^ and Gdj-xEUjNbO* are reported in chapter V.

In both systems the energy migration in the compound with x — 1 is diffusion

limited and takes place via exchange interactions between the Eu3+ ions. In

the fluoride there Is only direct exchange interaction between nearest Eu3+

neighbours. In the niobate superexchange interactions via niobate groups play

also a role. The migration process at low temperatures is two-phonon assisted

according to the two-site non-resonant mechanism. The Eu-Eu transfer rate at

room temperature is about 107 s"1 in both concentrated compounds. Differences

in the luminescence and energy migration properties of the fluoride and

niobate can be ascribed to the different ligands of Eu3+ in these lattices.

In chapter VI the mechanism of energy migration in (La, Gd)AlO3 and

(Gd, Eu)A103 is discussed. The decay of the Gd
3+ emission in GdA103 above and

below the Neel temperature of 3.9 K and the concentration quenching of the

Gd3+ and Eu3+ emission indicate that nearest and next nearest neighbours are

involved in the quenching process. The transfer to these neighbours takes

place via exchange interactions.

Chapter VII deals with the sytem Na5(Gd, Eu) (W0«)4. In this system the

intensity of the vibronic sidebands increases with the Eu3+ concentration in

the excitation spectra, but is concentration independent in the emission

spectra. This is explained by a tentative model involving mixing of the 7F

states and charge-transfer states of Eu3+ and the charge-transfer state of the

WO,,2" group. Multi-step energy migration in Na5Eu(WO4)<, is not observed.

Single-step energy transfer takes place from Eu3+ to acceptors and from WO,2"

to Eu3+.

Finally, iii chapter VIII the luminescence and energy transfer properties

of two europium tellurite anti-glass phases are reported. The two phases are

Eu179TeOx, which has a pseudo-tetragonal structure, and Eui oa
Te0x. which has

a monocllnic, ordered structure. In the former composition the Eu3+ ions

occupy two major types of sites. In the latter there are at least 7 different

crystallographic sites available to the Eu3+ ions. Energy migration over the

Eu3+ sublattice starts at temperatures above 20 K for the pseudo-tetragonal

phase and above 10 K for the monoclinic phase. The process is two-phonon

assisted according to the two-site non-resonant mechanism up to about 50 K. At

higher temperatures the assistance mechanism is of the one-site resonant type.
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CHAPTER II

LUMINESCENCE PROPERTIES OF THE SYSTEM Gd± _^x (IO3)

ABSTRACT

The luminescence and energy transfer properties of the system

Gd1-xEUjC(IO3)3 (0.005 < x < 1) have been investigated. In Eu(IO3)3 diffusion

limited energy migration occurs at T > 25 K. The diffusion constant has only a

weak temperature dependence. The I03" group does not luminesce. A comparison

is made with related Eu3+ compounds.

15



1. INTRODUCTION

During recent years the energy migration properties of inorganic lattices

with a high concentration of Eu3+ ions have been investigated extensively. In

our laboratory, the dimensionality of this energy migration has received

particular attention [1 - 5], Analysis of the time development of the Eu3+

emission can yield information about the process by which energy migration

takes place in the lattice under consideration. Some of these analyses are

discussed in ref. 6. An extensive discussion of the processes which can be

responsible for excitation transfer among ions in solids has been given in

refs. 7 and 8.

A commonly encountered phenomenon in lattices which contain luminescent

ions is the quenching of the luminescence when the concentration of these ions

is increased. This may be due to cross relaxation, or to energy migration to

quenching centers where the excitation energy is lost nonradiatively. The

latter process occurs often in Eu3+ compounds [6]. These quenching sites, or

killers, may be impurities or defects, which are inevitably present in the

lattice. The rare-earth system under consideration in this chapter,

Gd1-xEu3[(IO3)3, appears to show unusually weak concentration quenching. The

aim of our investigations was to look into this feature.

The crystal structure of Gd(IO3)3 has been described in ref. 9. The

lattice is monoclinic with only one crystallographic site with eightfold

coordination and site symmetry Cx for the rare-earth ions. The shortest Gd-Gd

distance is 5.9 A. In the pyramidal I03' group the iodine ion has a formal

oxidation state of +5, which makes it a 5s2 ion. It has three oxygen

neighbours at a distance of about 1.8 A; there are three further neighbours at

distances varying from 2.74 to 3.19 A. Since s2 ions are known to luminesce,

we looked also for iodate luminescence. As far as we are aware, the optical

properties of the iodate group have not yet been investigated.

2. EXPERIMENTAL

All measurements described in this chapter were performed on powder

samples. The samples were prepared according to ref. 10. They were checked by
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x-ray powder diffraction. T.G.A. measurements indicate that Eu(IO3)3 is stable

to 550°C. The compound Tb(IO3)3 shows a similar behaviour. Both compounds turn

slightly pink upon heating in air.

Diffuse reflectance spectra were recorded using a Perkin-Elmer Lambda 7

UV-VIS spectrophotometer. General spectroscopic measurements at room

temperature and liquid helium temperature (LHeT) were performed using a

Perkin-Elmer MPF-44B spectrofluorometer, equipped with a liquid helium flow

cryostat. For the recording of high resolution excitation and emission spectra

a set-up was used consisting of a Molectron DL-200 dye laser pumped by a

Molectron UV-14 N2 laser, in combination with a Spex 1704X monochromator. The

laser generated a pulse with a peak power of 30 kW and a width of 10 ns. The

repetition rate of the laser was kept constant through all measurements at

about 30 Hz. The linewidth of the laser was 4 cm"1 at 530 nm. The detection

device used was an RCA C31034 fast photomultiplier tube, which was kept in a

cooled housing at about -20°C. Decay time measurements were executed by

processing the PM signal with an ORTEC photon counting system, consisti .g of a

model 9301 fas: preamplifier, a model 574 fast timing amplifier, a model 436

100 MHz discriminator, and a model 7100 multichannel analyzer. During the

recording of the high resolution spectra and the decay curves, the temperature

of the sample could be varied between 1.7 K and room temperature by using a

Thor cryogenics liquid helium bath cryostat equipped with a model 3O2OII

temperature controller.

3. RESULTS AND ASSIGNMENTS

3.1. Spectral properties

All samples show a strong red luminescence upon ultraviolet excitation at

room temperature and below. In the concentration series Gdl.xEux(IO3)3

(x - 0.005, 0.01, 0.05, 0.1 and 1) the sample with x - 1 shows the most

intense luminescence. From x - 0.005 to x - 0.1, the luminescence of the

samples increases approximately linearly with x.

The excitation spectrum of the Eu3+ emission of Gd1.TEuI( 103)3 consists

of a weak broad band with a maximum at about 280 nm and sharp lines in the

region of 300 to 600 nm. The broad band is due to the charge-transfer
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transition between the Eu3+ and 02~ ions. The share ines correspond to

electronic transitions within the 4f6 configuration oz the Eu3+ ion.

The diffuse reflectance spectrum of Eu(IO3)3 shows two broad bands in

addition to the sharp lines corresponding to the 4f6 transitions of the Eu3+

ion. The intensify of the broad bands does not depend on the europium

concentration. There is a weak band with a maximum at about 480 ran, which is

probably due to a center with a different valency. A similar observation has

been made for Eu3Re08 [11]. Furthermore there is a strong and broad band with

a maximum at about 250 nm, which must be ascribed to absorption by the I03"

group. According to McGlynn et al. [12], the IO3" absorption should be

expected below 300 nm. None of these broad bands are present in the excitation

spectrum of the Eu3+ emission. This excludes energy transfer from the iodate

group to the Eu3+ ion. The weakness of the charge-transfer band in the

excitation spectrum must be due to the fact that the greater part of the

exciting radiation is absorbed by the overlapping iodate absorption band, so

that it does not reach the Eu3+ ions. Similar observations were made for

Eu3Re08 [11] and Eu(NO3)3.6H2O [13]. We never observed any iodate emission,

not even in Gd(IO3)3: Eu
3+ at LHeT.

Fig. 1 shows the emission spectrum of Eu(IO3)3 at LHeT. For low Eu
3+

concentrations this spectrum is essentially the same. The 5D0 -+
 7F0 transition

at about 580 nm is very weak; the 5D0 -»
 7Fi and 5D0 -»

 7F2 transitions contain

3 and 5 lines, respectively. The latter values are to be expected for site

symmetry C1. The linear crystal field term necessary to observe the
 5D0 -»

 7F0

transition [14] is probably very weak. Some weak lines are observed in the

region 607 - 613 nm. These lines are present in the spectra of all samples

investigated and with the same relative intensity. They are ascribed to

vibronic transitions which belong either to the 5D0 •*
 7F0 transition (coupling

with the iodate stretching vibrations), or to the 5D0 •*
 7Fj transition

(coupling with the iodate bending vibrations). The iodate vibrational

frequencies have been reported to lie in the region 330 - 820 cm"1 [15].

Furthermore, in time resolved spectra a small amount of emission from the 5T)1

level ('Dj •* 7F,) is found at 624.54 and 626.95 nm. These lines vanish within

50 us after the laser pulse due to multiphonon relaxation of the lower 5D1

level to the 5D0 level. The weak broad band area around 625 nm is ascribed to

vibronic transitions. These may be 5Do •* 7Fj coupled with the IO3" stretching

vibrations or 5D0 -+
 7F2 coupled with Eu

3+-O2~ bending vibrations. The weak

feature at 650 nm is ascribed to a vibronic transition involving 5D0 -»
 7F2 and

18
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Fig. 1. Emission spectrum of Eu(IO3)3, recorded at 4.2 K. a) Spectral region
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 7F2 transition, b) Spectral region 605 - 625 nm

enlarged, A u e - 527.44 nm. Spectrum recorded 30 jus after the laser pulse,

e — electronic transition, v - vibronic transition.
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the I03" stretching vibrations. The vibronic lines involving the iodate group

should be consid°red as cooperative vibronic transitions [16].

3.2. Decay measurements

In order to investigate the time dependence of the emission of the Eu3+

ion, the decay curves of the 5D0 •*
 7F2 emission have been measured; for

Gd0 99Eu0 oi(I03)3 at room temperature and LHeT, and for Eu(IO3)3 in the

temperature range from 1.7 K to room temperature. The decay curve of the

diluted sample is purely exponential with a decay time of 1.6 ms, both at lUeT

and at room temperature. The decay curve of the concentrated sample is

exponential at low temperatures with a decay time of 1.6 ms. At about 24 K,

the curves become non-exponential for short times after the laser pulse. The

decay time of the exponential tail decreases up to T = 100 K. From 100 K to

room temperature the decay time remains constant with a value of 1.3 ms.

Fig. 2 presents some semilogarithmic plots of the Eu(IO3)3 decay at various

temperatures. The solid lines are fits to a one-exponential function taking

into account a background correction.

4. DISCUSSION

4.1. Spectral properties

The number of lines observed in the 5D0 •* 'Fj transitions do not

contradict what is expected theoretically for a Eu3+ ion at a site with

symmetry Cx. The crystal field splittings are relatively small, for example

some 180 cm"1 and 130 cm"1 for the 7Fj and 7F2 levels, respectively. The

vibronic lines have been discussed above. The 5Di emission could not be

observed under continuous excitation, independent of the Eu3+ concentration.

This means that the 5D2 -»
 5D0 relaxation is not due to cross relaxation

between neighbouring Eu3+ ions, since this effect would be concentration

dependent. It is therefore concluded that the SDX -•
 5D0 relaxation takes place

by means of phonon emission. In view of the fact that the ^ - 5D0 separation

is 1690 cm"1, and that the maximum phonon energies available lie in the range

330 - 820 cm'1 [15], this seems a reasonable assumption. This means that the
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Fig. 2. Decay curves of the Eu3+ emission intensity in Eu(I03)3.

ABm - 615.13 nm, \exc - 527.44 nm. Solid lines discussed in text. (1)

T - 4.2 K; (2) T - 24 K; (3) T - 75 K; (4) T - 160 K.

iodate groups are responsible for the rapid 5Di -* 5D0 relaxation. This is a

similar situation as has been observed for borates [17].

As stated above, the iodine ion of the I03" group has the electronic

configuration 5s2. The so-called s2 ions are well-known luminescent species in

all kinds of inorganic lattices [18]. In Gd1-xEux(I03)3, absorption of the

I03" group can be observed in the diffuse reflectance spectrum. The unusually

weak charge - transfer absorption in the excitation spectrum of the Eu3+

emission was explained by assuming that most of the excitation energy in the

spectral region of this transition (= 270 nm) is absorbed by the I03~ group.

Upon excitation in this region no emission of the I03~ group was observed.

This indicates nonradiatlve relaxation of the excited state of the I5+ ion.

The I3+ ion has three oxygen neighbours at a short distance (1.8 A), and three

at a much larger distance (2.7 - 3.2 A ) , so that in the ground state the I5+

ion occupies definitely an off-center position. In the excited state the ion

has the possibility to occupy a position which is more symmetric with respect

to the six oxygen neighbours. This causes the parabolae of the ground and

excited state to show a large offset. When this offset is sufficiently large,
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nonradiative relaxation occurs rapidly, even at low temperatures. The

off-center position in the iodate group is extreme (the ratio between short

and long 1-0 distances is 0.6). In Bi3+ and Pb2+ compounds the situation is

less extreme (ratio 0.8), and these compounds often show an efficient

luminescence [18, 19].

Observations similar to Eu(IO3)3 under iodate excitation were made for

Tb(IO3)3, Sm(IO3)3, Dy(IO3)3 and Tm(I03)3. The Tb3+ ion has a Af8 - 4f'5d

transition in the spectral region of the 103~ absorption. Upon irradiation

with UV light, the Tb3+ ion in this lattice does not luminesce because the

excitation energy is absorbed by the iodate groups. The other rare-earth ions

do not even have transitions which can compete with the iodate absorption, so

that the absence of their emission is obvious. However, Tb(IO3)3 shows

efficient Tb3+ luminescence under x-ray excitation at 300 K. This indicates

that the electrons and holes created upon x-ray excitation recombine at the

Tb3+ ions, resulting in characteristic Tb3+ luminescence. Apparently the

iodate anions do not play a role in the x-ray luminescence process.

<+.2. Energy transfer

In the concentration series of Gd1_xEux(I03)3 which we have measured

(x - 0.005, 0.01, 0.05, 0.1 and 1) the sample with x - 1 shows the strongest

luminescence. This indicates that concentration quenching is not strong in

this compound.

Since transfer of excitation energy is impossible in the diluted

compositions, the measured decay time of the diluted composition is equal to

the radiative decay time of the Eu3+ ion in this lattice, viz. 1.6 ms.

The deviation from exponential behaviour, and the temperature dependence

"• of the decay curves of the concentrated sample, suggest that energy migration

' takes place, although it is not a strong effect. The excitation energy

' migrates over the Eu3+ ions (donors) to quenching sites (acceptors), where it

* is lost nonradiatively. In our system, the nature of the acceptors is not

.: known, but they may be centers with deviating valency. The characteristics of

I the transfer process can be determined by comparing our experimental decay

i:. curves with theoretical expressions for the time development of the

fi luminescence of donors in the presence of acceptors. These expressions are

',' described in ref. 8. The shape of our decay curves at T > 24 K, which are
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non-exponential for short times after the excitation pulse, but exponential

for longer times, points to a diffusion limited energy transfer process. The

decay time of the exponential part of the curve is then given by:

1/r - lAo + l/r0 (1),

where T is the measured decay time, r0 the radiative decay time of the Eu
3+

ion and T D the decay time due to diffusion. Yokota and Tanimoto [20] have

derived an expression for the total donor decay which is given by:

- I(O)exp(-t/ro)exp|-4/3*
3/2 x NA x (Ct)

l/2 x

/1 + 1O.67X+15.5OX\]

^ 1 + 8.743X '•«

in which

X - D x CT1/3 x t2'3 (3).

Here NA is the acceptor concentration, C is a parameter describing the

donor-acceptor interaction, and D is a diffusion constant. For t -

exponential decay rate is predicted:

an

l/rD - 11.404 x NA x C
1'* x D3/* (4).

The values of rD for the system Eu(I03)3 have been derived from the

experimental decay curves using eq. 1. The observed temperature dependence of

rD is in a first approximation caused by the temperature dependence of D,

'• because TQ'1 is only dependent on C to the power 1/4 (see eq. 4). Also, it is

«•' not very likely that the spectral overlap of the acceptors with the Eu3+ '

emission varies strongly with temperature. The values of rD"*
/3, which are *

**> then proportional to D, have been plotted as a function of temperature in .]

I fig. 3. |
;' Let us now consider from where the observed temperature dependence of D :'

':• originates. In the iodate crystal lattice the shortest Eu-Eu distance is

[' relatively long, viz. 5.9 A, which makes exchange interaction between the Eu3+ (

•' ions improbable. At low temperatures energy migration must take place via the \
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Fig. 3. Temperature dependence of TQ'1113. Solid line discussed in text.

7F0 -
 5D0 transition which is extremely weak in this lattice, as can be seen

in the spectra. This explains why there is no migration at T < 24 K: all types

of interaction vanish. The temperature dependence of D arises from the thermal

population of the 7Fj and perhaps the 7F2 levels. Thermally activated

migration takes then place via the 7FX z -
 5^>o transitions. Similar cases have

been described by Weber (Eu3+ in phosphate glass, ref. 21) and Kellendonfc and

Blasse (EuAl3Bi,O12, ref. 17). In order to calculate the temperature dependence

of D they used the formula:

g£ exp (-Ef/kT) gf
— X

gf (-Ef/kT)
(5),

Ai/
i£

V

I

where E£ is the energy of level f; vit the frequency, f1£ the oscillator

strength and Ai/lf the linewidth of the transition between levels i and f

considered and g the degeneracy of the levels. In a first approximation only

the 7Fj level is taken into account (as a degenerate level) and fif and vtc

are supposed to be constants. Formula 5 then reduces to:
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3exp (-
(6) ,

1 + 3 exp (- AEi/kT) exp (- AE2/kT)

where AEj is the energy difference between the 7F0 and
 7FX levels, and Aj/if is

assumed to behave exponentially. From our spectra it can be derived that the
7F1 levels lie at 240, 320 and 420 cm"1 above the ground state. If we take AEX

to be 300 cm"1, the solid line in fig. 3 represents a fit of the experimental

points to eq. 6 with AE2 = 250 cm"
1. Considering the experimental uncertainty

in the values of rD, the fit curve follows the trend of the temperature

dependence reasonably well at temperatures above 25 K. Below this temperature

energy migration vanishes. Also, the AE values are in the order of magnitude

to be expected. The mentioned uncertainty in the values of l/rD, which are the

relatively small differences between 1/r and l/rOl prohibits a detailed

analysis of the temperature dependence. Nevertheless we can conclude that in

Eu(IO3)3 there is a restricted amount of thermally activated energy migration

over the Eu3+ sublattice.

Comparing Eu(IO3)3 with EuAl3B4O12 [17], it can be seen that in the case

of Eu(IO3)3 the temperature dependence of D is less pronounced. If we estimate

the relative radiative rate for the 5D0 -+
 7Fj transitions (Po-i) in these

lattices using the radiative decay time and the relative intensities of the

transitions in the emission spectrum, we arrive at Po-i — 200 s"1 in

EuAl3Bi,012 and Pp.! = 130 s"1 in Eu(I03)3, Although the difference is not

large, this might explain why energy migration in EuAl3B!,012, where the

Eu3+-Eu3+ distance is the same (= 5.9 A) as in Eu(IO3)3, is more effective. In

EuAl3Bn012 the Eu
3+ ions are in trigonal prismatic coordination, so there is

no inversion symmetry. In Eu(IO3)3 the Eu3+ ions occupy a distorted

dodecahedral site which is closer to inversion symmetry than the trigonal

prismatic site. The 5D0 —
 7Fj transition is mainly magnetic dipole in

character. This character cannot be expected to depend strongly on

coordination. Therefore the higher ?0.x value for EuAl3B<,012 is ascribed to a

higher amount of electric dipole character in the 5D0 —
 7Fj transition, which

in turn leads to a stronger Eu3+-Eu3+ dipole-dipole interaction necessary for

the migration. In this connection it is interesting to note that in GdAl3B4O12

there is still a restricted amount of energy migration in the Gd3+ sublattice

at 300 K. However, in LiGdP4012 where the Gd3+ ions are in dodecahedral

coordination with shortest Gd3+-Gd3+ distance equal to 5.6 A, the migration is

absent, even at 300 K [22]. This was explained by assuming that Gd3+-Gd3+

25



energy transfer occurs mainly by exchange with a small contribution from

electric dipole-dipole interactions. In LiGdP4O12 this contribution is much

smaller than in GdAl3B<,012> since the site symmetry in the phosphate is closer

to inversion symmetry than in the borate. This runs parallel with the argument

given above. The Gd3+ example is more impressive, because the compound with

the larger Gd3+-Gd3+ distance (GdAl3B^Olz) shows more migration than that with

the shorter distance (LiGdP*O12). In LlEuP«O12 concentration quenching of the

Eu3+ luminescence at 300 K. does not occur [23], which suggests that in

LiEuP^O^ the energy migration is also of a restricted nature. Unfortunately

the luminescence of Gd3+ in the iodates was hard to investigate due to

absorption by the host lattice in the spectral region of interest.

In analogy with EuAl3B«012, we can try to estimate the value of the

diffusion constant D at room temperature by using eq. 4. With this value we

can then estimate the diffusion length >., the hopping time tH and the number

of steps n in the migration process [24]:

i - (6D x r,,)1'2 (7),

tH - a
z/6D (8) ,

n - T0/tH (9).

Here a is the shortest distance between two nearest neighbours. The factor C

in eq. 4 can be estimated with [17]:

1/T 0 - C/Rc
6 (10).

The critical transfer distance Rc and NA can be estimated from the diffuse

','; reflectance spectrum to be about 16 A and 1019 cm"3, respectively. With these

* values we come to: D - 10'11 cm*s"1, C - 10'38 em's'1, £ - 30 A,

f tH - 6 x 10'
5 s, n - 30. One must bear in mind that these values are no more

•;i> than rough estimates. Still, these values are indeed much smaller than for

EuAl3B«O12 (n - 1400, ref. 17).

In conclusion we can state that the energy migration In Eu(IO3)3 occurs

by thermal population of the 7Fi levels of the Eu3+ ions. The weak

;• concentration quenching encountered in the compound Eu(I03)3 is due to the

:, fact that the energy migration, which is absent at low temperatures, has only
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a weak temperature dependence. This Is connected with the weak interactions

between the Eu3+ ions, even via the 7Fi levels. Therefore energy migration to

quenching centres remains an inefficient process even when the temperature

Increases.
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CHAPTER I I I

LUMINESCENCE PROPERTIES OF THE P r 3 + ION IN

ABSTRACT

The luminescence properties of the Pr3+ ion in the system

Lai-xPrjtMgAluOig have been investigated. The radiative emission from the 3P0

and 2DZ excited levels shows concentration quenching via cross relaxation

processes.
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1. INTRODUCTION

During recent years the luminescence of the Pr3+ ion has been studied

extensively because of its possible use in solid state laser materials (see

e.g. refs. 1 - 3). In general a solid state laser material should contain a

high concentration of active ions. Unfortunately, concentration quenching of

the Pr3+ emission is a commonly encountered phenomenon [4 - 6]. The visible

emission of the Pr3+ ion originates from the 3P0 and
 JD2 levels. The

 3P0

emission can be quenched by three different processes:

i) cross relaxation between pairs of Pr3+, populating either the *D2 or the

^ level,

ii) energy migration to quenching sites (which can be cross-relaxing Pr3+

pairs).

iii) relaxation by multiphonon emission to the JD2 level.

The former two processes are dependent on the concentration of Pr3+ ions in

the lattice. The XD2 level of Pr3+ can relax radiatively or in turn be

quenched by cross relaxation [7].

Recently we have reported on the luminescence properties of the system

Laj-̂ PrjiOCl [8] . The concentration quenching in this system was explained by

assuming a temperature independent low cross relaxation rate and a temperature

dependent Pr3+-Pr3+ energy transfer rate. In this chapter we report on the

luminescence properties of La1.jjPr,cMgAlll0l9. The structure of this compound

has been described by Saber et al. [9], after an early report by one of us

[10]. It is of the magnetoplumbite type. The rare-earth ions lie in mirror

planes perpendicular to the c axis, separated by spinel blocks. The shortest

distance between two RE ions in one plane amounts to 5.6 A, while the distance

between two ions in different planes is 11.5 A. There is one crystallographic

site available to the RE ion. However, in the related compound EuMgAln019

/" Buijs and Blasse have observed at least 4 different sites occupied by the Eu3+

i ions [11] . Saber et al. have investigated a single crystal of PrHgAluO19 [9].

"., They concluded that there are at least two different Pr3+ lattice sites

• present. In view of the large Pr3+-Pr3+ distance, we investigated whether

• concentration quenching occurs in this compound.
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2. EXPERIMENTAL

Powder samples of Laj-jPr^MgAlnOig (x - 0.03, 0.1 and 1) were prepared

according to ref. 12. The experimental set-up for the luminescence

measurements has been described before [13, 14]. Decay time measurements of

the Pr3+ emission were performed by processing the detected emission signal

with a Tektronix 2430 digital oscilloscope.

3. RESULTS

3.1. Spectral properties

In the system Laj.jjPruMgAlnOjg, the sample with x - 0.03 shows the most

intense Pr3+ luminescence. The luminescence of the x - 1 sample at room

temperature is too weak to be measured, both under broad-band and line

selective excitation. Obviously the Pr3+ luminescence is completely quenched

at this temperature.

The excitation spectrum of the 3P0 emission of Pr
3+ at 4.2 K consists of

several sharp lines in the region 440 - 490 nm, corresponding to transitions

within the 4f3 configuration of the Pr3+ ion (3H4 •*
 3P0.i,2 and ^ g ) . Fig. 1

gives the excitation spectrum of La0 g7Pro.o3MgAlnOlg in the 3H4 -+
 3P0

spectral region. In this spectrum three resolved lines can be observed. With

the present instrumentation we could not observe the 4f2 -» 4f5d excitation

band, which lies far into the UV region of the spectrum (A < 250 nm) .

The diffuse reflectance spectrum, recorded at room temperature, shows the

3H4 •+ 3Po,i,2. Jl6 a n d 3H« "* *D2 transitions, in addition to a broad band with

a maximum at 220 nm. This band is assigned to the 4fz -» 4f5d absorption

transition.

Fig. 2 presents the emission spectrum of Pr3+ in La0 g7Pro.o3HgAl11Olg at

4.2 K for selective excitation into the 3P0 level. The emission lines

correspond to the radiative transitions 3P0 -»
 3H 5 6,

 3F2>3|4 and XD2 -»
 3H4.

The lines show a strong inhomogeneous broadening. The spectra of the more

concentrated samples are essentially the same, but the aD2 emission cannot be

observed for x — 1.
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Fig . 1. Exc i t a t ion spectrum in the 3H4 -> 3P0 s p e c t r a l region of the Pr3+

emission in LaogjPro.oaMgAlnOig, recorded a t 4.2 K, A.,,, - 602.5 run.

3.2. Decay time measurements

The decay curves of the 3P0 ••
 3Hj, 3Fj and *D2 •+

 3H« emissions have been

recorded at various temperatures. For the sample with x - 0.03 (T - 4.2, 115

and 300 K) , the decay curves of the 3P0 emission are exponential with a decay

time of 20 /is. The decay curves of the *D2 emission have an initial

non-exponential part. The decay time of the exponential tail is 300 jus.

For the sample with x - 0.1 (T - 4.2, 11, 100 and 300 K) the decay curves

of the 3P0 emission are initially non-exponential but have an exponential tail

with a decay time of 20 /is. The decays of the XD2 level show a behaviour

similar to that in the sample with x - 0.03, but the non-exponential part of

the curve is more pronounced.
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Fig. 2. Emission spectrum of La0 97Pr0.o3MgAlu019, recorded at 4.2 K,

Xexc = 482.3 run.

The decay curves of the 3P0 level of PrMgAlu.O19 are exponential. The

decay time at 4.2 K is about 520 ns, which decreases to 290 ns at 100 K.

4. DISCUSSION

4.1. Spectral properties

The inhomogeneous broadening in the spectra indicates disorder between

the Mg2+ and Al3+ ions, so that the Pr3+ ions experience slightly different

crystal fields [10]. The emission lines of the Pr3+ ions at different sites

overlap spectrally, which makes it impossible to determine the number of

different Pr3+ sites from the emission spectra. The lines in the excitation

spectra show also broadening, but at least three different 3H4 -*
 3P0 lines can

•A

j
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be distinguished, so that there are at least three different sites available

to the Pr3+ ion in this lattice.

The emission spectrum in fig. 2 contains in addition to 3P0 emission a

small amount of 1D2 emission. Population of the
 1D2 level after

 3P0 excitation

can take place via processes (i) or (iii). From our spectra we derive the

energy mismatch of process (i) |3P0,
 3H«) -> \lY>2,

 3H6) to be about 1000 cm"
1.

This makes this process very improbable at 4.2 K. In LaF3: Pr
3+ Hegarty et al.

[4] found this process to be thermally activated at T > 32 K. The rate of

process (iii), multiphonon relaxation, can be estimated from the modified

energy gap law [15] :

PMPR - fi.i exp [ - (AE - 2 n o w ) Q 1 < D .

in which ^el and a are constants, AE the energy difference 3P0 -
 XD2

(= 3 000 cm"1) and fiumax the maximum phonon energy (= 700 cm"1, derived from

IR spectra). With /3el = 4 x 10
7 s"1 and a = 5 x 10"3 cm, we arrive at

PMFR ~ 5 x 103 s"1. This means that this process can compete with the

radiative relaxation of the 3P0 level (Prad - 5 x lO* s"
1, section 4.2).

Process (iii) has also been observed in LaP5Ou: Pr
3+ [7, 16, 17].

4.2 Decay time measurements

The radiative lifetimes r0 of the
 3P0 and

 aD2 levels, derived from the

decay curves of La0.97Pr0.o3MgAln0lg, are 20 and 300 /JS, respectively.

The non-exponential initial part of the decay curves of the diluted

compounds, and the temperature independent exponential tail which reflects the

radiative relaxation rate of the excited level, suggest that the Pr3+ emission

in La1.xPrxMgAl1iO19 is subject to a quenching process involving single-step

energy transfer [18]. At this point we will elaborate the concept of quenching

by cross relaxation in Pr3+ compounds.

Above we have mentioned the improbability of cross relaxation of the 3P0

level at low temperatures via the process |3P0,
 3H4) -» l

1^, 3 H 6 ) . However,

cross relaxation of the 3P0 level can also occur via the process

|3P0)
 3H«> -» |aG*, 1G«), in which different Stark levels of the JG4 level are

involved. Population of the ^ level would result in nonradiative relaxation

to the ground state via phonon emission or radiative emission in the IR region
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of the spectrum. The instrumental set-up prohibits the determination of the

position of the ^4 level in the PrMgAln0i9 lattice. Therefore, we cannot

derive any possible energy mismatch of the process |3P0,
 3H4) -* |

 JG4,
 lG 4).

Dornauf and Heher [7] take the energy mismatch to be the limiting factor of

cross relaxation processes. In LaPsOu: Pr
3+ they do not observe cross

relaxation of the 3P0 level to the
 JG4 level, because of the large energy

mismatch (> 900 cm"1). However, the ^2 level does cross relax via the process

l^z, 3H4) -» l ^ ,
 3F4) because the mismatch is much smaller (= 12 cm"

1). The

shortest Pr-Pr distance in this lattice is 5.7 A and the interaction between

two cross relaxing Pr3+ ions is of the multipole-multipole type.

Vial and Buisson [5] and Morgan et al. [6] have observed cross relaxation

from 3P0 to ^4 at low temperatures (T < 4 K) in LaF3: Pr
3+. In this compound

the cross relaxation involves the emission of a phonon of 265 cm"1. The

measured cross relaxation rate PCR is about 105 s"1. The shortest Pr-Pr

distance is 4.1 A and the interaction between the cross relaxing Pr3+ ions is

of the superexchange type [5], with possibly some influence of dipole-dipole

interactions [6]. In view of the nearest neighbour distance (5.6 A) and the

crystal structure of La^xPrxMgAlnC^g, exchange or super exchange interactions

will be very weak. Cross relaxation will have to take place via

multipole-multipole interactions.

With the above discussion in mind, we can try to explain our

observations. Considering the hexagonal structure of the La1_TPrxMgAl110lg

lattice (six nearest neighbours at 5.6 A), the probability that a Pr3+ ion has

no Pr3+ neighbours at all for x - 0.03 and x - 0.1 is 0.8 and 0.5,

respectively. Excited Pr3+ ions which have a Pr3+ neighbour can cross relax

via the processes |3P0)
 3H4) - |

XG4, H^) and ^Dz, 3H4) - ^G*.
 3F4> The

latter process has probably a smaller mismatch than the former [6, 7], which

causes it to be faster. This results in a more pronounced non-exponential part

of the decay curve of the *D2 emission of the diluted compounds.

The model proposed above implies that it must be possible to fit the

measured decay curves of the diluted compounds to the Inokuti-Hirayama

expression [18]:

I(t) - I(0)exp[-t/r0- Bt
3/S] (2),

where the donor-acceptor interaction is of the multipolar type (s - 6, 8, 10)

and B is a constant for a given compound at a given temperature. Eq. 2 has
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been derived for an isotropic donor sublattice, but in our case a fit of the

decays to eq. 2 can still give an indication about the validity of the

proposed model of cross relaxation processes. Indeed, the decay curves of the

3P0 emission of La0 gPro.iMgAluOig could be fitted very well to eq, 2. Fig. 3

presents some examples of the decay curves with fits to eq. 2.

Let us now consider our observations made for PrMgA.ln019. In this

concentrated compound it is conceivable that quenching by energy migration,

process (ii), takes place. In view of the exponential decay curve, this

process would have to be fast [19]. The strong inhomogeneous broadening

resulting in a relatively large energy mismatch for migration makes fast

energy migration rather improbable at low temperatures. Note in this

connection that for LaF3: Pr
3+ the rate for energy transfer

|3P0,
 3H«) -• |3H4,

 3P0> over a distance of 4.1 A is about 10
3 s"1 at 2 K [4,

6] . For 5.6 A (in PrMgAlu0lg) a much lower rate is to be expected.

The proposed model of cross relaxation processes gives an elegant

explanation of the results on PrMgAluOlg. In this compound every Pr
3+ ion has

8.0 12.0
TIME Ips) —•>

16.0 20.0

Fig. 3. Decay curves of the 3P 0 emission of Pr
3+ in La0 gPr

*«c - 482.3 nm. Solid lines discussed in text, a) T - 4.2 K, b) T - 100 K, c)

T - 300 K.
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Pr3+ neighbours, so the measured decay rate PH (2 x 10
6 s"1 at 4.2 K) is equal

to the sum of the radiative rate Prad and the cross relaxation rate PCR of the

process |3P0,
 3H4) -» 1

1G4,
 1G 4). Since PH P Ptad, P^ is effectively equal to

the value of PM, viz. 2 x 10
6 s"1. This value of PCR is of the same order of

magnitude as the one estimated for PrF3, viz. 1 x 10
6 s"1 [4]. Due to the

energy mismatch the cross relaxation process requires phonon assistance, which

explains the increase of Peg with increasing temperature. The absence of JD2

emission in the emission spectra of PrMgAljjOjg must be due to the fact that

the process PD2, 3H«) -» l ^ , 3F4) has a larger P^, probably because of a

smaller energy mismatch.

In conclusion, the luminescence of the excited levels 3P0 and
 1D2 of Pr

3+

in Lai-xPrxMgAljjOjg is subject to concentration quenching. The quenching

processes are cross relaxations via single-step energy transfer to

neighbouring ions: |3P0,
 3H«) -» | ̂ , JG«) and l1^, 3H4> -* |

 XG4,
 3F4>.
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CHAPTER IV

LUMINESCENCE PROPERTIES OF ALKALI EUROPIUM DOUBLE

TUNGSTATES AND MOLYBDATES AEuMo0o

ABSTRACT

The luminescence properties of AEuW2O8 and AEuMo206 (A
+ - alkali metal

ion) are reported. These properties depend on the crystal structure type.

Vibronic coupling between the electronic transitions of the Eu3+ ion and the

vibratlonal transitions of the tungstate or molybdate group is observed. The

concentration quenching of the Eu3+ luminescence is weak. The analysis of the

Eu3+ decay curves points to energy migration and shows the two-dimensionality

of the Eu3+ sublattice in KEuMo208 and the one-dimensionality of the Eu3+

sublattice in KEuW2O8 and RbEuWzO8.
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1. INTRODUCTION

The scheelite lattice of compounds such as CaWO4 has often been used as a

host for rare-earth ions, for fundamental studies as well as applications [1] .

In this chapter we report on the Eu3+ luminescence of alkali europium double

molybdates and tungstates. Some of these compounds have a scheelite related

crystal structure, but others have a completely different structure. A marked

property of these systems is the fact that they do not show clear

concentration quenching.

In recent years the crystal structures of the compounds ALnW2O8 and

ALnMo208 (A
+ = alkali metal ion, Ln3+ = rare-earth ion) have been determined

(see e.g. refs. 2 - 5 and refs. therein). The crystal structure and

luminescence properties of CsLnW2O8 (Ln = Eu3+, Tb3+) have recently been

studied in our laboratories [2]. Now we report on the luminescence of AEuW2O8

(A - Li+, Na+, K+ and Rb+) and AEuMo208 (A - Li
+, Na\ K+, Rb+ and Cs+) . Since

these compounds have different crystal structures, it seemed interesting to

investigate to what extent the luminescence is determined by the structure.

From structural data it is known that in some of the investigated

compounds the Eu3+ sublattice has a dimensionality lower than three, i.e. the

ions are ordered in planes or in chains. The energy migration characteristics

of Eu3+ compounds with two- and one-dimensional sublattices have been studied

extensively in the Utrecht laboratory [6 - 11]. Theoretical models for the

time dependence of the Eu3+ donor luminescence in such systems have been

described in refs. 12 - 14. We have investigated whether these models can be

applied to the experimentally measured decay curves of the Eu3+ emission of

the above-mentioned compounds.

2. EXPERIMENTAL

. A The powder samples of AEuW2O8 and AEuMo208 were prepared following

methods described in ref. 2, the latter at slightly lower temperatures than

the former. Some of the samples showed a faint colouring.

- The equipment for the diffuse reflectance, luminescence and decay curve

measurements has been described before [6, 15]. The measurements were
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performed at room temperature and 4.2 K.

3. RESULTS

All samples show an intense red Eu3+ luminescence upon broad-band UV

excitation. The amount of concentration quenching is obviously small, in

agreement with early reports by Van Uitert [1]. The diffuse reflectance

spectra of all compounds, recorded at room temperature, contain the sharp

absorption lines corresponding to the transitions within the 4f6 shell of

Eu3+. The optical absorption edge for the molybdate spectra lies at

500
•Xlnm) 300

Fig. 1. Excitation spectrum of the Eu3+ emission of CsEuMo208, recorded at

4.2 K, Aem - 614 nm. The figures 0, 1, 2, 3 and 6 denote the
 7F0 -•

 5D01_2,3

and 5L6 transitions. The inset shows the vibronic lines coupled with the

7F0 ->
 5D0 electronic transition enlarged.
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(300 ± 10; nm and for the tungstates at (280 ± 10) nm. This absorption is due

to the charge-transfer transition in the molybdate or tungstate group. The

broad band tails into the visible, which accounts for the colour of the

samples.

Fig. 1 presents the excitation spectrum of the Eu3+ emission of CsEuMoz08

as a typical example of the excitation spectra of all compounds. It consists

of the sharp lines due to the transitions within the 4f6 shell of Eu3+, and a

broad band in the UV. On the high energy side of the 7F0 •*
 5Do,i,2 excitations

some vibronic features can be seen.

Fig. 2 presents the emission spectrum of the Eu3+ ion in CsEuMo206. The

electronic transitions 5D0 -»
 7F0J1I2J3I* are clearly visible. The emission of

higher 5Dj levels is quenched. The emission spectra of all compounds are

dominated by the 5D0 -*
 7F2 transition. Considering the number and the relative

700

Fig. 2. Emission spectrum of CsEuMo208, recorded at 4.2 K, Xexc - 396 ran. The

figures 0, 1, 2, 3 and 4 denote the 5D0 •*
 7F0,12,3,4 transitions,

v - vibronic transition.
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Fig. 3. Spectra of the 5D0 -»
 7F0pli2 emission lines, denoted 0, 1 and 2,

recorded at 4.2 K, A6XC = 396 run. a) LiEuW208; b) KEuW208; c) RbEuW208; d)

RbEuMo208.

intensity of the lines in the emission transitions, the spectra can be divided

into four groups (see also fig. 3):

1) LiEuMo2O8t LiEuW2O8, NaEuMo208, NaEuW208 and KEuMo208

2) KEuW208

3) RbEuW208

4) RbEuMo208 and CsEuMo208

The lines in the spectra of group 1 are relatively broad. Furthermore, all

spectra contain vibronic emission lines. In some cases we observed also

tungstate emission. This was most significant for LiEuW208. Therefore this

compound was studied in more detail. The tungstate emission consists of a

broad band in the region 320 - 650 nm with a maximum at about 450 nm. The band

shows small dips due to radiative transfer to Eu3+. At 4.2 K the amount of

tungstate emission is about 20% of the total emission. Similar observations
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TIME(ms)—*

6.0 7.5

Fig. 4. Decay curves of the Eu3+ emission intensity in KEuMo208,

Ae]tc - 527.75 run, Aem - 613.00 nm. a) T = 4.2 K, the solid line represents a

fit to an exponential function; b) T - 300 K, the solid line is a fit to eq. 4

with d - 2.

have been made before for NaEuW208 [16].

The decay curves of the Eu3+ emission of the compounds KEuW208, KEuMo208

and RbEuW208 have been measured. At 4.2 K the curves are exponential, with

decay times of 490, 590 and 1180 us, respectively. At room temperature the

curves are non-exponential. Fig. 4 shows a semilogarithmic plot of the decay

curves of KEuMo208 as a representative example.

4. DISCUSSION

4.1. Host lattice excitation and energy transfer

The broad band in the UV region of the excitation spectra of the Eu3+

emission indicates efficient energy transfer from the molybdate or tungstate

group to Eu3+, as discussed before [2]. In the case of LiEuW2O8 this transfer
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is not complete, and tungstate luminescence is observed. At this point we will

discuss the energy transfer process of the tungstate group to Eu3+. The

critical distance Rc of energy transfer from the excited tungstate group to an

Eu3+ ion is defined as the distance for which the probability of transfer

equals the probability of radiative relaxation. We can estimate Rc in the case

of electric dipole-dipole interaction with the formula [17]:

Rc
6 = 6.3 x 1027 x 4"8 X 10'1S x f x SO (1).

E<

Here f is the oscillator strength of the 7Fa -»
 5D2 transition of the Eu

3+ ion

which we estimate to be 107, E is the energy of maximum spectral overlap

(=2.5 eV) and SO the normalized spectral overlap, which we estimate from our

spectra to be about 1 eV"1. This yields a value of Rc of 4.4 A. This is about

equal to the distance between the tungsten ion and its eight nearest cation

neighbours (= 4 A), so that the transfer rate between an excited tungstate

group and an Eu3+ nearest neighbour equals roughly the tungstate radiative

rate. The compound LiEuW2O8 is a disordered scheelite, in which the Li
+ and

Eu3+ ions are randomly distributed over the cation sites. The fraction of

tungstate groups with n nearest Eu3+ neighbours is given by:

Neglecting nonradiative processes, the relative amount of radiative emission

from the tungstate group (AH) is then given by the expression:

n - 8

I

In this way we calculate Aj, to be 23%, which is in good agreement with the r

experimentally observed 20% tungstate emission. Therefore, we may conclude X
; : ' ] •

that electric dipole-dipole interactions are predominant in this system, and <ij

that any possible exchange interaction between the tungstate group and Eu3+ is h

only minor. The results also confirm that the Li+ and Eu3+ ions are jj

disordered. In ordered systems eqs. (2) and (3) lead to An of 6%, because now

only the terms with n - 4 are relevant. 'i

I
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4.2. Eu3+ emission spectra

The vibronic transitions of the Eu3+ ion in tungstate scheelites have

been investigated by Yamada and Shionoya [16] . In table I a comparison is made

of the vibrational frequencies in the CsEuMoz08 lattice, determined from our

excitation and emission spectra. The lattice does not have the scheelite

structure, but nevertheless the coupling with molybdate bending and stretching

modes is here also clearly observable. The mode frequencies were estimated

from data given in ref. 18.

The differences observed in the emission spectra of the various compounds

can be explained by differences in crystal structure. The Li and Na compounds

of group 1 have the scheelite structure with cation disorder. This accounts

for the broadening of the lines in the spectra. According to ref. 3 KEuMo208

has an ordered scheelite structure which is triclinic. The Eu3+ polyhedra are

ordered in sheets, forming a two-dimensional sublattice. The Eu3+ site

symmetry is Cj. The number of lines in the 5D0 -»
 7F0,i,2 transitions agrees

with this site symmetry, but these lines are only slightly narrower than the

lines in the spectra of the disordered scheelites. This suggests that KEuMo208

is also slightly disordered. This follows also from the vibrational spectra

[19].

The structure of KEuW2O8 is isomorphous with that of Q-KYW 20 8 [4, 20] and

contains W06 double chains. The Ln site symmetry is C2. The emission spectrum

is consistent with this symmetry, but the 7Fi level is split in such a way

that two levels are nearly degenerate. The sublattice of Eu3+ polyhedra is

essentially one-dimensional.

The structure of RbEuW2O8 is monoclinic [2]. The Eu3+ polyhedra form a

one-dimensional sublattice, with Ln site symmetry C^, consistent with the

emission spectrum. The tungstate groups in this crystal structure occur in

clusters of four.

Finally, the crystal structures of RbEuMo20B and CsEuMo208 are not yet

known. The sharp emission lines and the threefold splitting of the 7F1 level

indicate that there is only one Ln site with low symmetry present in this

lattice. However, it must be stressed that one should be careful in deriving

site symmetries from Eu3+ emission spectra [21].
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Table I. Vibronic lines in the luminescence spectra of CsEuMo208 at 4.2 K. All

values in cm"1.

excitation

spectrum3

emission spectrum assignment

vibrational mode

7F0 -
 5D0: 17 190

 5D0 -
 7F0: 17 190

 5D0 -
 7F2: 16 290

+ 120

+ 150

+ 210

+ 330

+ 360

+ 390

+ 420

+ 680

+ 770

+ 870

+ 930

- 210

- 380

- 660

- 770

- 850

- 210

- 290

- 410

- 760

- 850

Eu-0

molybdate

bending

molybdate

stretching

a) For the 7F0 -*
 5D2 transition the vibronic spectrum is similar but more

complicated due to the splitting of the 5D2 level.

4.3. Concentration quenching

The concentration quenching of the Eu3+ luminescence in the compounds

under consideration in this chapter has been shown to be weak by Van Uitert,

who diluted the Eu3+ sublattice with Y3+ [1] . This indicates that energy

migration in the concentrated compounds over the Eu3+ sublattice to acceptor

sites is an inefficient process. At low temperatures migration has to take

place via the 7F0 -
 5D0 transition on the Eu

3+ ion. This transition has a very

low intensity in these compounds (see fig. 3), which makes the probability for

transfer by multipole-multipole interaction very low. For short Eu-Eu

distances energy transfer by exchange might have a reasonable rate [8] . This

distance varies from 4 to 5 A in these compounds. Either transfer by exchange

47



is not very probable in these compounds, or the number of acceptors is low.

At higher temperatures the 7Fj, level of the Eu3+ ion becomes thermally

populated and energy migration can occur via the transition 7FX -
 5D0 [15].

This is not a very efficient process, as must be concluded from the fact that

the emission intensity of the Eu3+ luminescence in the investigated compounds

decreases only a factor of 3 to 4 going from 4.2 K to room temperature. In

EuAl3B4O12 this transfer process is reasonably efficient [22]. However, in the

present compounds the coordination of Eu3+ forbids a strong admixture of

electric dipole character into the 5D0 —
 7Fx magnetic dipole transition, as

has been argued elsewhere [23].

With the structural data in mind, we have tried to analyse the decay

curves of RbEuW208, KEuW2O8 and KEuMo208. The exponential curves at 4.2 K

confirm that at this temperature only radiative relaxation of the Eu3+ ions

occurs. The radiative decay times r0 are comparable to what has been found

before for Eu3+ ions in oxidic lattices with charge-transfer states at

relatively low energies [6 - 9, 15]. The non-exponentiality of the decay

curves at room temperature implies that at this temperature energy migration

takes place. In the case of one- and two-dimensional systems an expression has

been derived for the long-time donor intensity (in this case Eu3+), using the

theory of a random walk of the excitation energy over the donor sublattice to

randomly distributed quenching sites (acceptors) [14] :

I(t) - I(O)exp[-tAo -Bt
d'(d+2)] (4),

in which B is a constant depending on acceptor concentration and donor-donor

transfer probability and d is the dimensionality of the system. In this model

it is assumed that the acceptor sites trap the migrating energy at the first

encounter. This assumption is valid in this case, since the acceptors are

quenchers which do not allow back transfer. The room temperature decay curves

of the three compounds could be fitted very well to eq. 4 in which the

appropriate value of d had been substituted (see also fig. 4). If we take

d - 1 for KEuMo208, and d - 2 for RbEuW208 and KEuW2Oa, the fit quality

decreases, although not drastically. We conclude that the energy migration in

these three compounds has a dimensionality lower than three, in agreement with

the structural data. The best theoretical fit to the experiment is obtained

for the dimensionality prescribed by the crystal structure data.
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CHAPTER V

LUMINESCENCE AND ENERGY MIGRATION IN Eu3+-CONTAINING SCHEELITES

WITH DIFFERENT ANIONS

ABSTRACT

The luminescence and energy migration characteristics of the

isostructural systems LiGd1-xEuxF;, and Gdj-jjEUxNbÔ  are reported and compared.

In both lattices vibronic coupling is observed in the optical transitions of

the Eu3+ ions. The energy migration process in LiEuF4 and EuNbO4 is diffusion

limited and takes place via exchange interactions between the Eu3+ ions. In

EuNbO4 superexchange via niobate groups plays also a role. The Eu3+-Eu3+

transfer process at low temperatures is two-phonon assisted according to the

two-site non-resonant mechanism. For both concentrated compounds the Eu3+-Eu3+

transfer probability at room temperature is about 107 s"1. The different

ligands of Eu3+ in the fluoride and niobate lattice cause striking differences

in the radiative decay time r0, the intensity of the vibronic lines, and the

number of neighbours N to which an excited Eu3+ can transfer its energy;

Li(Gd, Eu)F4: T 0 = 7.3 ms, N = 4; (Gd, Eu)NbO«: r0 = 650 /xs, N - 8.
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1. INTRODUCTION

In the course of our investigations of the luminescence and energy

migration properties of Eu3+ compounds fl], we have reported on the system

Gd1_xEuII(IO3)3 [2], and the double tungstates and molybdates AEuM2O8

(A = alkali metal, M - Mo or W) [3], Energy migration over the Eu3+ sublattice

is a relatively inefficient process in these compounds, due to the fact that

the electric dipole-dipole interactions between the Eu3+ ions in these

lattices are weak, and the Eu-Eu distances too large to allow a substantial

contribution to the interaction by the exchange mechanism.

The theory of energy transfer processes was initially developed by

Forster [4, 5] , and later extended by Dexter for luminescent species in

crystals [6] . The interaction strength between rare-earth (RE) ions in

crystals depends, among other parameters, on the distance R between the

interacting ions. Multipolar interactions are propertional to R"s (s = 6, 8 or

10 depending on the exact nature of the interaction), while exchange

interactions vary according to exp(2R/L), where L is the effective Bohr

radius of the RE ion. This means that exchange interactions operate only over

short distances, i.e. R s 5 A [1]. However, exchange interactions may also

occur via an anion intermediary, with which the RE cations have wavefunction

overlap, i.e. superexchange [7].

In this chapter we report on the luminescence and energy migration

characteristics of the compounds Li(Gd, Eu)F4 and (Gd, Eu)NbO^. These

compounds are in good approximation isostructural. The system Li(Gd, Eu)F4 has

the scheelite structure [8], whereas (Gd, Eu)NbO4 has the fergusonite

structure, which can be described as a monoclinically distorted scheelite

structure [9], The lattice par'.jieters and interatomic distances are very much

the same in the two structures. This enables us to investigate and compare the

influence of the two different ligands, viz. F" and 02~, on the luminescence

and energy transfer properties of the Eu3+ ion.
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2. EXPERIMENTAL

All measurements described in this chapter were performed on powdered

samples. In the system UGdj.jjEu^ samples with x - 0.01, 0.2, 0.4, 0.5, 0.8,

0.9 and 1 were prepared. Also LiEuFt samples were made doped with Nd
3+ ions in

concentrations of 10~2, 2.5 xlO"3, 10"3 and 10"4 mole %. Starting materials

were Gd2O3, Eu203 and Nd2O3 (Highways Int., 99.999%), and NH«F and LiF

(Merck, p.a.). The samples were prepared as described in ref. 10. They were

checked by x-ray powder diffraction.

In the system Gd^Eu^NbO, the samples with x - 0.01, 0.2, 0.3, 0.5, 0.8

and 1 and EuNbO,, doped with 5 x 10"2 and 10"2% Nd3+ were prepared. They were

obtained by mixing Nb2O5 (Merck, Optipur) with the RE oxides, firing the

mixtures for 10 h at 1 100°C, grinding, and firing again for 10 h at 1 250°C.

The structure of the samples was checked by x-ray powder diffraction.

The experimental set-up for the luminescence and decay curve measurements

was described in ref s. 2, 11. The measurements were performed in the

temperature range from 1.7 K to room temperature.

3. RESULTS

3.1. i j j ^

3.1.1. Spectral properties

All samples in this system show the characteristic Eu3+ emission upon

irradiation with UV light. Fig. 1 presents a plot of the integrated

luminescence intensity as a function of x at room temperature. Excitation is

into the 5L6 level of the Eu3+ ion. Also denoted are the luminescence ,:

intensities of the LiEuF<, samples doped with Nd3+. <|

The excitation spectrum of the Eu3+ emission of LiGd0 ggEu0 01F4 consists 3

of sharp lines in the region of investigation (240 - 540 nm). They correspond .-'

to the electronic transitions within the 4f6 shell of the Eu3+ ion and the 4f7

shell of the Gd3+ ion. The latter ion transfers its excitation energy to the ;

Eu3+ ions [10]. The 8S •* 6P, 6I excitation lines of the Gd3+ ion disappear
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0.6 0.8 1.0

Fig. 1. Concentration dependence of the integrated Eu3+ luminescence intensity

in LlGdj-jEUxF;, at room temperature, Aexc = 395 nm. Nd3+ concentration as

denoted.

gradually with increasing x. Apart from this, the excitation spectra of all

samples are essentially the same.

Fig. 2 presents some emission spectra of the diluted and concentrated

samples. They consist of sharp lines, corresponding to the electronic

transitions within the 4f shell of the RE ions. In the case of

LiGdo.99Euo.o1F4 excitation of the Gd3t ion results in emission from several

Eu3+ energy levels and a small amount of Gd3+ emission. In the case of the

concentrated sample the Eu3+ emission originates only from the 5D0 level,

whatever the excitation wavelength may be. The higher level emissions are

quenched by cross relaxation. The spectrum shows also some weak lines which

are probably due to a small amount of second phase in the samples. Both in

spectroscopic and time resolved measurements the two sets of lines (LiEuF4 and

second phase) behave completely independent at all temperatures. The obvious

second phase in LiEuF4 is EuF3. Comparison of the luminescence spectrum of

EuF3 [12] with the lines of the second phase shows good agreement between the

two spectra in spectral position as well as intensity. Disregarding the second
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Fig. 2. Emission spectra of Li(Gd, Eu)F«. J-J' denotes 5Dj -* 7Fj, of Eu3+. a)

LiGd0 99Eu0 01F4, Xexc - 274 nm, T - 298 K; b) LiEuF4, Aexc - 46^ nm,

T - 4.2 K. v = vibronic transition, x - emission of second phase.
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Fig. 3. Decay curves of the' Eu3+ emission intensity in Li(Gd, Eu)F4,

Aexc = 527.07 nm, Aem = 591.24 nm. Solid lines discussed in text. a)

LiGd0 99Eu0.01F4, T = 4.2 K; b) LiEuF4, T = 1.7 K; c) idem, T = 53 K; d)

LiEuF4: Nd
3+ (10"4%), T - 24 K.

phase emissions, the 5D0 -»
 7Fj 2 3 « emissions of LiEuF^ consist of 2, 3, 4

and 4 lines, respectively. Also there are some weak features between

595 - 607 run and 624 - 635 run, which are due to vibronic transitions belonging

to the 5D0 -•
 7F0 and

 5D0 -•
 7F2 electronic transitions.

3.1.2. Decay time measurements

In order to measure the decay of the Eu3+ luminescence we monitored the

5D0 -»
 7Fj emission line at 591 24 rim, after excitation of the 5DX level at

527.07 nm. Representative results are given in fig. 3.

For the diluted sample the Eu3+ luminescence intensity at 4.2 K shows a

4 ms build-up after the laser pulse. This is followed by an exponential decay

with a time constant of 7.3 ms.

The decay curves of the sample with x - 1 are non-exponential for short

times after the laser pulse and become exponential at longer times. The
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1.0

Fig. 4. Concentration dependence of the integrated Eu3+ luminescence intensity

in Gdj-xEoxNbO,, at room temperature (o) and 4.2 K (x) , Aexc - 397 run. Nd
3+

concentration as denoted.

exponential part has a decay time r of 6.4 IDS at 1.7 K. This value decreases

with increasing temperature to 3.9 ms at 120 K. From 120 K to room temperature

the value of the decay time is constant.

Similar observations were made for the LiEuF4 samples doped with 10~
3%

and 10"4% Nd3+ ions. For the 10~3% Nd3+ sample r decreases from 5.7 ms to

0.2 ms in the temperature region 4.2 - 120 K, and then remains approximately

constant up to room temperature. For the sample doped with 10"*% Nd3+ T

decreases from 6.0 ms to 0.6 ms for T - 4.2 - 140 K and then remains constant

up to room temperature. Fig. 3 presents some exponential fits of the decay

curves that also take into account a background correction.

3.2.

3.2.1. Spectral properties

All samples in this system show a bright red Eu3+ luminescence upon
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Fig. 5. Excitation spectrum of the Eu3+ emission of EuNbO«, recorded at 4.2 K,

Aem - 612 nm. The notation J-J' denotes the
 7Fj -* 5Dj. transition of the Eu3+

ion. v - vibronic transition. The inset shows the threefold splitting of the
7F0 -»

 5Di transition.

irradiation with UV light (see also ref. 13). Fig. 4 presents a plot of the

integrated luminescence intensity after excitation into the Eu3+ 5Lg level

versus the Eu3+ concentration, both at 300 K and 4.2 K. The luminescence

intensities of the EuNbO,; samples doped with 5xlO"2% and 10"2% Nd3+ are

also indicated.

Fig. 5 presents the excitation spectrum of EuNbO< at 4.2 K. The sharp

lines corresponding to the electronic transitions within the 4f6 shell of Eu3t

are clearly visible. Furthermore, there are two broad bands with maxima at

320 nm and 265 nm. Upon raising the temperature, the broad band at 320 run

vanishes. At room temperature it is no longer observed in the excitation

spectrum. In the spectrum of fig. 5 some vibronic lines connected with the

weak 7F0 -+
 3D0 and the 7F0 -»

 5DZ transition can be seen. Next to the

above-mentioned features, the excitation spectrum of the sample with x - 0.01

contains the 8S - 6P Gd3+ excitation lines at about 310 nm, which are much
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Fig. 6. Emission spectrum of EuNbO,, recorded at 4.2 K, Aexc - 397 nm. The

notation J-J' denotes the 5Dj -• 7Fj. transition of the Eu3+ ion. v - vibronic

transition.

stronger at 4.2 K than at room temperature.

The emission spectrum of EuNbO4 for
 5L6 excitation at 4.2 K is presented

in fig. 6. The sharp lines corresponding to the 5D0 -»
 7Fo,i,2,3,4 electronic

transitions of the Eu3+ ion can be observed. Also there are some vibronic

transitions present belonging to the 5D0 ->
 7F0 transition (in the region

600 - 610 nm) and the 5D0 -•
 7F2 transition (620 - 640 nm) . The

 5D0 -•
 7F1 and

SDO -+
 7F2 transitions show both a threefold splitting. Upon close examination

of the spectral region of che 5D0 •*
 7F2 emission, some additional weak

emission lines are visible which are not present in the spectrum of the

diluted sample. When the temperature is increased, these lines disappear at

about 18 K.
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Fig. 7. Decay curves of the Eu3* emission intensity in (Gd, Eu)NbO«,

Xexc = 527.93 run, Aem = 612.88 run. Solid lines discussed in text. a)

Gd0 99Eu0.01Nb0«, T = 4.2 K; b) EuNbO4, T - 14 K; c) idem, T = 42 K; d)

EuNbO4: Nd
3+ (10"2%), T = 27 K.

When excitation takes place in the broad band at 265 run the emission

spectrum at room temperature and 4.2 K contains next to the Eu3+ emission a

very weak broad band in the region 340 - 540 nm with a maximum at about

420 ran. Excitation of the broad band at 320 nm at 4.2 K yields a weak

broad-band emission in the region 400 - 630 nm with a maximum at about 520 nm,

besides the Eu3+ emission. Finally, in the emission spectrum of the sample

with x — 0.01 at room temperature and 4.2 K, excitation of Gd3+ as well as of

the broad band at 260 nm yields Gd3+ emission, the broad emission band at

420 nm, and emission of the 5DO|1>2|3 levels of Eu
3+.

3.2.2. Decay time measurements

The decay of the Eu3+ luminescence was measured by monitoring the

5D0 -* 7F2 emission line at 612.88 nm, after excitation into the
 iD1 level at

527.93 nm. Some representative results are presented in fig. 7.
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The decay curve of Gd0 99Eu0 01Nb04 was measured at 4.2 K and room

temperature. At both temperatures the decay is exponential with a decay time

of 650 fis.

The decay curves of EuNbO* are non-exponential for short times after the

exciting laser pulse and become exponential for longer times. In the

temperature region 4.2 - 14 K the decay time r of the exponential part

decreases rapidly from 450 fis to 290 fis. From 14 to 60 K r decreases gradually

to 100 fis, and remains constant up to room temperature.

The decay curves of the EuNbO4 samples doped with Nd
3+ follow the same

trend. The decay time of the sample doped with 10"z% Nd3+ decreases from

230 fis to 50 jxs in the temperature interval 14 - 70 K and then remains

constant up to room temperature. For the sample with 5xlO"2% Nd3+ T

decreases from 130 fis to 30 fis in the interval 14 - 50 K, and remains

approximately constant up to room temperature. Fig. 7 presents some

exponential fits of the decay curves of the system (Gd, Eu)NbO4.

4. DISCUSSION

4.1. Spectral properties

The site symmetry of the RE site in the LiREF4 lattice is S,,. This means

that the theoretically expected splitting of the 5D0 -»
 7Fj 2,3,« transitions

is 2, 3, 4 and 4-fold, respectively. This is exactly what we observe in the

emission spectra. In the monoclinic lattice of RENbO4 the RE site symmetry is

C2, which causes the
 5D0 •+

 7Fj and 7F0 -»
 5f>i transitions of the Eu3+ ion to be

split threefold. The expected fivefold splitting of the 5D0 ->
 7FZ emission is

probably too small to be fully observed. Caro et al. investigated Eu2+ in

GdNbO« [14]. They found that the number of electronic lines in the 5D0 -• 'Fj

emission transition was dependent on the energy level that was initially

excited. They explained their observations by assuming a coupling of the 7Fi

energy levels with resonant peaks in the density of phonon states [15]. We

also looked for this effect, but it was not observed at the excitation power

level used.

The lattice vibrations of LiYF4 have been reported by Schultheiss et al.

[16] to lie in the range 140 - 560 cm"1. The vibrational spectrum of YNbO4 was
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reported by one of us [17]. The frequencies lie in the range 170 - 830 cm"1.

With the vibrational frequencies in mind, it is interesting to discuss the

emissions from the 5 D 1 2 3 levels of Eu
3+ in the diluted compounds. Relaxation

of these levels to the 5D0 level can take place via multiphonon relaxation

(HPR) or cross relaxation (CR) with a nearby unexcited Eu3+ ion. The latter

process is not very probable in the diluted compounds. Obviously the MPR

process is not fast enough to quench the emission of the sDj 23 levels

completely, and radiative relaxation of these levels to the 7F levels occurs.

In the case of LiGd0 99Ru0 01F4, which has the lower maximum vibrational

frequency, MPR is slow enough for a build-up of the 5D0 luminescence to be

observable in the decay curve (fig. 3). In the concentrated samples CR readily

occurs and only 5D0 emission is observed.

The two broad bands in the excitation spectrum of EuNbO^ are ascribed to

two different niobate groups, as discussed in an earlier paper on YNbO4 [18].

According to this work, the higher energy band, which is connected with the

blue band emission, is due to intrinsic niobate centres, which consist of a

central Nb5+ ion with two oxygen neighbours at 1.84 A, two at 1.95 A and two

at 2.44 A [9] . The lower energy band, connected with the yellow band emission,

is due to extrinsic niobate centres which lack an oxygen ion. At low

temperatures both centres partly transfer their excitation energy to the Eu3t

ions and partly show luminescence. Also nonradiative relaxation may take

place. Apparently thermal quenching of the extrinsic niobate centre is more

efficient than of the intrinsic centre, since the excitation band of the

extrinsic centre vanishes with increasing temperature. Probably this can be

ascribed to the fact that the extrinsic centre can expand more easily in the

excited state, because of the lack of an oxygen ion. This causes a relatively

large offset of the parabolae of the ground and excited states, and therefore

a high probability for nonradiative relaxation. Similar observations were made

for CaMoO*. [19, 20) .

It is possible to evaluate what happens in the (Gd, Eu)NbO4 system under

UV excitation. In the diluted systems the 8S -• 6I excitation lines of Gd3+

(situated at about 275 nm) are extremely weak, so that most of the exciting

radiation in this spectral region is absorbed by the intrinsic niobate group.

This group partly transfers its energy to Eu3+ and Gd3+ [21], which in turn

can transfer to Eu3+, and partly luminesces. The 8S -+ 6P excitation lines of

Gd3+ are present in the Eu3* excitation spectrum at about 310 nm. This means

that absorption by the extrinsic niobate groups in this spectral region is
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less effective due to their low concentration. The excited Gd3+ ion transfers

its energy to Eu3+ and the extrinsic niobate group, which can transfer to Eu3+

or luminesce at low temperatures, but relaxes nonradiatively at higher

temperatures. This explains why the Gd3+ excitation lines are stronger at

4.2 K than at room temperature. Due to the complexity of all these competing

excitation and emission processes, it is very difficult to draw any quantative

conclusions from the relative intensities of the transitions in the spectra.

However, we can evaluate the energy transfer from the intrinsic niobate

group to the Eu3+ ions in EuNbO«. At 4.2 K the luminescence intensity of the

intrinsic niobate group is about 10% of the total luminescence intensity in

the emission spectrum. If we assume that the transfer process occurs via

electric dipole-dipole interactions we can try to estimate the critical

distance for energy transfer Rc according to ref. 22:

A ft v ]O"^

Rc
6 = 6.3 xlO27 x * a LU— x f x SO (1).

Here E is the energy of maximum spectral overlap (= 3.1 eV) , f the oscillator

strength of the 7F0 -»
 5Le transition of the Eu3+ ion (= 2 x 10"6 for Eu3+ in

solution [23]), and SO is the normalized spectral overlap which we estimate

from our spectra to be about 1 eV"1. With these values we arrive af

Rc = 6.4 A. Within this distance of the central Nb
5+ ion of the niobate group

there are 8 Eu3+ neighbours at about 4 A and 2 at about 5.5 A. The transfer

rate from niobate to Eu3+ over 4 A is (6.4/4)6 times the radiative rate

Prad = 17Prad-
 I n v i e w of the number of Eu3+ neighbours around a niobate

group, this implies that the total transfer rate is about 140 Pra(j. i.e. the

amount of niobate emission should be about 0.7%. The experimental value of

10% must be corrected however, for the fact that the Eu3+ emission of EuNbO6

is concent' ation quenched (see fig. 4). If we correct for this, using the data

of fig. 4, the amount of niobate emission is only 0.7%. The agreement with

the calculation shows that the Rc value is realistic and that the transfer

occurs by electric dipole interaction. A contribution by exchange cannot be

excluded, but is hard to prove, since this interaction will not be effective

over distances larger than Rc [1].

The additional emission lines in the spectral region of the 5D0 •*
 7F2

emission of EuNbO4 are probably emissions of Eu3+ ions which occupy an

extrinsic lattice site. These ions experience a different crystal field due to
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a nearby impurity or defect. The presence of extrinsic ions is a common

phenomenon in concentrated systems (see e.g. refs. 24, 25). At low

temperatures they can trap the excitation energy of the intrinsic ions. When

the temperature is raised, they transfer their energy back to the intrinsic

ions and their emission lines disappear from the spectrum. This accounts for

the rapid decrease in decay time of the EuNbO« decay curves in the temperature

interval 4.2 - 14 K. At these temperatures the decay of the intrinsic as well

as that of the extrinsic ions is measured.

4.2. Energy transfer

The radiative decay time r0 of Eu
3+ in the fluoride and niobate lattice

is 7.3 ins and 650 ps, respectively. The decay curves of the concentrated

systems, which have a decay rate faster than the radiative rate, indicate that

energy migration in LiEuFA and EuNbO*, occurs down to the lowest temperatures.

At low temperatures migration must take place via the 7F0 —
 5Do transition of

the Eu3+ ion. As can be seen in the spectra, this transition is absent in the

case of Li(Gd, Eu)F+ and very weak in the case of (Gd, Eu)NbO4. This makes

energy transfer by multipole-multipole interactions improbable, and suggests

that energy migration will take place via exchange interaction between the

Eu3+ ions [13].

According to ref. 26, the number of ions N to which an excited Eu3+ ion

can transfer its energy can be related to the critical concentration xc at

which the concentration quenching of the Eu3+ luminescence starts via a simple

approximate rule, viz.:

xc - 2/N (2).

From figs. 1 and 4 it can be derived that for Li(Gd, Eu)FA N - 4 and for

(Gd, Eu)NbO4 N - 8. If we consider the scheelite lattice of LiREF4> we find

that every RE ion has 4 RE neighbours at 3.8 A, 4 at 5.2 A, 8 at 6.6 A and 4

at 7.4 A. In the fergusonite lattice of RENbO4 the situation is practically

the same, next nearest neighbours being 2 at 5.1 A and 2 at 5.4 A. From these

data we can conclude that transfer in Li(Gd, Eu)F4 takes place only to nearest

neighbours at 3.8 A. This distance is short enough for effective exchange

interactions [1, 11, 27]. In (Gd, Eu)NbO4 4 more Eu
3+ ions are involved in the
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transfer process. It seems obvious that these are the 4 next nearest

neighbours at about 5.2 A. However, this distance is quite large for effective

direct exchange [1, 11, 27}. This is also clear from the fact that in

Li(Gd, Eu)F« it does not take place. Superexchange via a niobate intermediate

may be possible, but the angle Eu-niobate-Eu is approximately 90°. As argued

by several authors [28, 29], this is not a very favourable condition for

superexchange. A configuration along an angle of 180° gives much more

effective superexchange interaction. Following this line of reasoning, the 4

Eu3+ ions at 7.4 A might be the ones involved in the transfer process.

To see if superexchange over such a long distance is possible at all, we

reinvestigated Ba2(Gd, Eu)NbO5, a system for which concentration quenching of

the Eu3+ luminescence has been reported [30]. This compound has an ordered

perovskite structure, in which the Eu3+ ions are separated from each other by

NbO6 octahedra [30]. The Eu-Eu distance in this lattice is 6 A if the

Eu-0-Nb-O-Eu angle is 90", and 8.5 A if this angle is 180°. The 5D0 -
 7F0

transition is absent in the spectra (see also ref. 31). We observed that in

Ba2EuNb06 there is energy migration at 4.2 K: whereas the radiative decay time

of the Eu3+ ion in this lattice is 5.1 ms at 4.2 K, the time constant of the

decay curve of Ba2EuNb06, which consists of a non-exponential initial part and

an exponential tail, is 4.1 ms at 4.2 K. This means that superexchange

interactions are active over distances of at least 6 A and probably even

8.5 A. In the case of Eu2(Mo0(,)3 a similar conclusion was drawn for the

configuration Eu-0-Mo-O-Eu [7] . Therefore we cannot exclude energy transfer in

(Gd, Eu)NbO4 via superexchange interactions over 7.4 A. For the sake of

clarity it should be remarked that, although energy transfer by superexchange

plays a role in the diluted compositions, it will not be of importance in the

europium compounds, because the direct exchange interactions will be more

effective. Energy transfer in the configuration Eu-0-Nb-O-Eu by superexchange

implies that also the niobate -+ Eu31 transfer may occur by exchange. That this

is not impossible was argued above.

In this context the results reported for the system Li(Y, Gd)F«: Tb3+ are

interesting [10, 32] . The measurements on Gd-Gd transfer were analysed with an

energy hopping model developed by Burshtein [33]. It was found that also in

this system migration over the Gd3+ sublattice occurs via exchange

interactions with 4 nearest Gd3+ neighbours only.

The theory of the luminescence of concentrated donor systems (such as

Eu3+ compounds) over which excitation energy can migrate to quenching sites
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(acceptors) has been treated by Huber [34]. The initial non-exponential part

and the exponential tail of the measured decay curves of LiEuF* and EuNbO4

indicate that in these compounds the migration process is diffusion limited.

In this case the decay time of the exponential part of the decay curve is

given by:

1/r = 1/T-O + I A D (3),

in which T D is the decay time due to diffusion. Yokota and Tanimoto have

derived an expression for the total donor decay function, which predicts an

exponential decay rate for t -» <*> [35]. In this way T D is given by:

1/T-D = 11.404 x NA x C
1'11 x D3/* (4).

Here NA is the acceptor concentration, C is a parameter describing the

donor-acceptor interaction and D is the diffusion constant. With eq. 3 the

values of rD can be derived from the experimental decay curva. The parameter C

will not vary strongly with temperature, so that in a first approximation the

temperature dependence of rD stems from the temperature dependence of D, which

is then proportional to TD"
4/3. Fig. 8 presents a plot of TD"

4/3 VS T for

EuNbO4 as a representative example. Also plotted are the results of

LiEuF4: Nd
3+ (10~*%), one of the samples in which we deliberately increased

NA by adding small concentrations of Nd
3+ ions to LiEuF4 and EuNbO4. The Nd

3+

ions act also as acceptors [27]. The niobate data should not be considered at

temperatures below 14 K, as argued above.

In fig. 8 it can be seen that the energy migration becomes faster with

increasing temperature. This can be explained as follows. The Eu3+ ions

experience slightly different crystal fields due to random strains in the

lattice. This causes the migration process to be hampered by small energy

mismatches (inhomogeneous broadening), which can be overcome by temperature

dependent phonon assistance.

Holstein et al. have described the theory of phonon assisted migration

processes [36]. We have tried to fit the temperature dependence of TD"
4/3 to

the temperature dependence of the various phonon assisted processes. For all

compounds the best fit for temperatures up to 60 K is given by:

T O"
V 3 - A + BT3 (5),
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Fig. 8. Temperature dependence of rD~
4/3. Solid lines discussed in text, a)

EuNbO4; b) LiEuF^: Nd
3t (lO'H).

which is the expression for the two-site non-resonant two-phonon process. The

solid lines in fig. 8 are fits to eq. 5. The same phonon process has been

found to be active in EuMgB5O10 [11] and Li6Eu(BO3)3 [27]. Above 60 K, the

migration process becomes very complex because of thermal population of higher

7F levels. This makes it very difficult to evaluate the exact migration

mechanism at those temperatures.

In analogy with ref. 37, we can try to estimate the probability P of

Eu-Eu energy transfer with the expression:

ND/R2 (6).

Here N is the number of neighbours to which transfer occurs and R is the

distance between these neighbours. To calculate D with eq. 4, we need to know

NA and C. The nature of the acceptors in LiEuF4 and EuNbO4 is not known, but
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if we assume that they interact in the same way with Eu3+ as Nd3+, we can

estimate NA by comparing the integrated luminescenre intensities of doped and

undoped LiEuF/, and EuNbO4. We then arrive at NA = 5 x 10
16 cm"3 for LiEuF^, and

NA = 3 x 10
18 cm"3 for EuNbO4. A typical value for C is 5 x 10"38 em's"1, as

in EuOCl with an RE-RE distance of 3.7 A [38]. Using eqs. 4 and 6, these

values yield for P at room temperature the value of about 107 s"1, for all

doped and undoped LiEuF4 and EuNbO$ samples. In the case of the niobate we

have assumed that transfer to the 4 nearest neighbours will account for the

major part of the migration. Of course the value of 107 s"1 gives only the

order of magnitude of P, but we can test this value by calculating P for

exchange interaction over 5.2 A, which in the case of LiEuF4 should be smaller

than the radiative rate Prad (= 1/T 0 ) . Using Dexter's formala for exchange

interaction [5] we arrive at:

P(5.2 A) = 107exp[-2(5.2-3.8)/L] (7).

Here L is the effective Bohr radius of the Eu3+ ion, which amounts to 0.3 A

[39]. P(5,2 A) then becomes 9x10 2 s"1. Although this is somewhat larger than

Prad (= 140 s"1), the valuj of P = 107 s"1 for 3.8 A is not orders of

magnitude off. It is comparable to what has been found for other Eu3+ systems

with predominantly exchange interactions and Eu-Eu distances of about 4 A:

EuMgB5010 [11], P = 107 s"1, R - 4.0 A; NaEuTiO* [24], P = 6 x 107 s"1,

R = 3.7 A; EuOCl [38] , P = 2 x 106 s"\ R - 3.7 A.

The value of P - 107 s"1 yields for the number of hops during the

lifetime of the excited state in LiEuF,, n = P/Prad = 7X10
11, and for the

diffusion length i = 3.8x (7xlO4)1/2 = 103 A [37].

The calculation given in eq. 7 is not valid in the case of EuNbO*, because

the effective Bohr radius for superexchange interaction will be larger than

that for direct exchange interaction. On the other hand, the value of

P(3.8 A) - 107 s"1 for LiEuF,, enables us to calculate the same value for

isostructural LiEuCl4 where the shortest Eu-Eu distance is 4.7 A. The Eu-Eu

transfer rate in LiEuCl4 is estimated in this way to be 10
4 s"1. This is much

lower than for LiEuF4 and excludes efficient migration in the chloride. The

diffusion length S. is only about 50 A, and n = 100. In fact, a literature

report states that concentration quenching does not play a role in LiEuCl4

[40].
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4.3. Comparison of the Eu3+ luminescence in the fluoride and niobate

scheelites

At -this point we wish to consider some striking differences in the

luminescence of the fluoride and niobate systems, viz. the radiative decay

time, the intensity of the vibronic lines in the spectra and the critical

concentration for concentration quenching.

The electronic transitions within the 4fn shell of the RE3+ ions are

parity forbidden. The parity selection rule is lifted by mixing

opposite-parity electronic configurations into the 4F1 states, such as a

4fn"15d state or, in the case of Eu3+, a charge-transfer (CT) state. In the

excitation spectrum of LiEuF« there is no CT band observed, which means that

this state is located at energies > 45 000 cm'1 above the 4f6 ground state. In

CaF2: Eu
3+ the 4f6 -* 4f55d and CT transitions occur at about 70 000 cm"1 [41].

In oxidic lattices the CT transition lies at energies of 30 000 - 45 000 cm"1

[42]. In EuNbO4 the Eu
3+ CT absorption band lies obviously under the niobate

absorption band. Due to the lower energy position of the opposite-parity state

in oxides compared to fluorides the mixing is more effective, which results in

a higher oscillator strength of the 4f-4f transitions. This is reflected in

the measured radiative decay times: T0 for Eu
3+ in LiEuF4 is much longer than

in EuNbO4. The intensity of the forced electric dipole transitions, and

especially that of the hypersensitive 5D0 -»
 7F2, is larger in the niobate than

in the fluoride. The 5D0 -•
 7Fi transition is a magnetic dipole transition, and

is not sensitive to the chemical surroundings of the Eu3+ ion.

For a comparison of the intensities of the electronic and vibronic "; .:

we consider the 7F0 •*
 5D2 excitation and 5D0 •+

 7F2 emission transitions,

because the relative electronic and vibronic intensities of these transitions

can be determined the most accurately. For EuNbO4 at 4.2 K the vibronic lines

are 40% of the total 7Fa -»
 5D2 excitation transition and 15% of the total

5D0 -+
 7F2 emission intensity. For LiEuF4 at 4.2 K these values are 25% and

3%, respectively. The following conclusions can be drawn:

(i) The vibronics are the most intense when coupled to electronic transitions

which obey the selection rules for pseudo-quadrupolar hypersensitive

transitions [43].

(ii) The vibronics on the 7F0 -»
 5D2 absorption transition are stronger than on

the related 5D0 •+
 7F2 emission transition. Similar observations have been made

by Hoshina et al. [44] for Y202S: Eu
3+ and by ourselves [45] for
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Eu2Mg3(NO3)12.24H2O.

(iii) The vibronics in the fluoride tend to be ..-eaker than in the niobate.

Further analysis is outside the scope of this chapter.

Another difference is the number of neighbouring ions to which the

excited Eu3+ can transfer its energy. In LiEuF4 this is 4, being the number of

nearest neighbours. In EuNbO4 this is 8, 4 nearest neighbours at 3.8 A and 4

more at either 5.2 A or 7.4 A via superexchange interaction. Apparently

superexchange is not possible with the LiF4 group as an intermediate. This is

not surprising since the LiF<, group has no low-energy excited states in

contrast with the niobate group [46].

5. CONCLUSIONS

The energy migration process in LiEuF4 and EuNbO4 takes place via

exchange interactions between the Eu3+ ions. In LiEuF4 there is only direct

exchange with 4 nearest Eu3+ neighbours at 3.8 A. In EuNbO^, there are in

addition also superexchange interactions with 4 further Eu3+ neighbours. The

migration process is diffusion limited. At low temperatures the phonon

assistance of the energy transfer can be described with the two-site

non-resonant mechanism. The Eu-Eu transfer probability P at room temperature

is about 107 s"1, comparable to P in other Eu3+ compounds reported in the

literature. Differences in '..he luminescence and energy migration properties of

the fluoride and the niobate can be ascribed to the different ligands of Eu3+

in these lattices.
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CHAPTER VI

MECHANISM OF CONCENTRATION QUENCHING Gd3+ AND Eu3+

EMISSION IN PEROVSKITE-LIKE ALUMINATES

ABSTRACT

The mechanism of concentration quenching of the Gd3+ emission in

(La, Gd)A103 and the Eu
3+ emission in (Gd, Eu)A103 is reported and discussed.

Nearest and next nearest neighbours are involved in the concentration

quenching process. Nearest neighbour transfer occurs by exchange interaction.

Even for next nearest neighbours this type of interaction seems to dominate.

In GdAlO3 energy migration via the
 6I level is reported. After excitation of

the 6I level, the excitation energy migrates at 300 K about 1 350 steps over

the 6I level before nonradiative decay to the 6P level occurs. The energy

migration in EuA103 at low temperatures can be described as a phonon assisted

process.
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1. INTRODUCTION

The luminescence properties of compounds with high concentrations of

rare-earth ions have been the subject of many studies during the last decade

[1]. In many of these compounds, energy migration among the rare earth ions

followed by energy transfer to activator or killer ions quenches the

rare-earth luminescence drastically. In 1966 the quenching of rare-earth

luminescence in several host lattices was studied by Van Uitert and Johnson

[2]. They gave particular interest to the quenching of the Eu3+ emission in

(Y, Eu)A103, a compound with an orthorhombically distorted perovskite

structure [3] . By using a model of trimers of Eu3+ ions which were quenched by

cross relaxation, they found that nearest neighbours as well as next nearest

neighbours are involved in the quenching of the Eu3+ emission. We know

nowadays that such a model is incorrect and that the concentration quenching

is due to energy migration to killers. A rule of thumb derived for the

concentration quenching in Gd3+ compounds [4] , which proved to work also in

Eu3+ compounds [5], indicates that the concentration quenching of the Eu3+

luminescence in this structure starts for Eu3+ concentrations above 10%, in

good agreement with the experimental value [2].

The compound GdAlO3 which is isostructural with EuA103 and YA1O3, shows

an antiferromagnetic ordering below the Neel temperature TH = 3.9 K. Recently

a drastic change was reported for the decay times of the Gd3+ emission in

GdAlO3 below and above TN [6]. A similar observation was made for TbA103, but

not for EuAlO3 [6, 7] .

In this study we will show that it is possible to explain the

luminescence properties of EuA103 and GdA103 by assuming an exchange

interaction between nearest and next nearest neighbour rare-earth ions. To do

this, we investigated the concentration quenching of the Eu3+ and Gd3+

emission in (Gd, Eu)A103 and (La, Gd)A103, respectively. LaAlO3 has a

rhombohedrally distorted perovskite structure. The perovskite structure is

attractive for such a study because there is a clear number of nearest and

next nearest neighbours, although the ideal cation-anion-cation angles (viz.

90° and 180") are distorted in these aluminates.

In addition we report on the luminescence properties of GdA103 crystals

and on the dynamics of the energy migration among the Eu3+ ions in EuA103.
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2. EXPERIMENTAL

2.1. Sample preparation

Powder samples of (Gd, Eu)AlO3 and (La, Gd)A103 (with a maximum of 20%

Gd3+) were prepared using standard solid state techniques, with starting

materials La2O3, Eu2O3, Gd2O3 (all Highways International 99.997, 99.999 and

99.999%, respectively), (NH4)A1(SOJ2.12H2O (Merck p.a.) for (Gd, Eu)A103 and

A1(NO3)3.9H2O (Merck p.a.) for (La, Gd)A103. The samples were checked using

x-ray powder diffraction. Crystals of GdA103 doped with 0.1% Sm
3+ were grown

using a Verneuil burner. The starting chemicals for the crystals were Gd2O3,

Smz03 (both Highways International, 99.999%) and (NH4)A1(SOJ2.12H20. The

starting chemicals were thoroughly mixed and dried. Crystals of approximately

3 cm in height and 0.5 era in diameter were grown. In fig. 1 a picture of a

crystal is given. The crystals contained a small concentration of Cr3+

impurities (less than 10 ppm) from the starting (NH<,)Al(S0«)2.12H2O. The

crystals were cut in smaller pieces for the optical measurements.

2.2. Optical measurements

Luminescence measurements were performed on a MPF-3L and MPF-44B

spectrofluorometer. Both instruments were equipped with a Xe-lamp and a

Hamamatsu R928 photomultiplier. The emission spectra were corrected for the

sensitivity of the photomultiplier. Decay measurements on the Eu3+ samples

were performed on a N2/dye laser set-up described in ref. 8. High resolution

optical measurements and decay measurements on the GdA103 crystals were

performed on a Nd-YAG laser set-up. The laser system consists of a Quanta-Ray

DCR-2A Nd-YAG laser, a HG-2 harmonic generator, a PHS-1 prism harmonic

separator, a PDL-2 pulsed dye laser and a WEX-1 wavelength extender with

automatic wavelength tracking. Using the dye Rhodamine 590, this laser system

has an output power of approximately 23 mJ at 280 nm with a pulse width of

5 ns at a repetition rate of 10 Hz. The sample was mounted in an Oxford bath

cryostat. The temperature of the sample could be varied in the range

1.5 - 300 K. The luminescence of the sample was focussed on a Jobin-Yvon HRD-1

monochromator and detected with a cooled RCA C31034 photomultiplier tube. For
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Fig. 1. A crystal of GdA103 doped with 0.1% Sra
3*. Total height of the crystal

is approximately 3 cm.

the luminescence measurements the signal of the photomultiplier was recorded

with the help of a Philips PM 2435 DC-/jV-meter. For the decay measurements the

signal from the photomultiplier was directly amplified by a Keithley

Instruments 106 wideband amplifier, multiplied again by an EG&G Ortec 574

timing amplifier and via an EG&G Ortec 436 100 MHz discriminator lead to a

Tektronix 2430 digital oscilloscope. The oscilloscope was triggered at the

laser pulse with a fast photodiode. Five measurements were averaged with the

oscilloscope and the averaged signal was sent to an Olivetti M24 computer.

With the help of this computer the averaged signals were stored and processed.

Approximately 500 averaged signals were sufficient to obtain a reliable decay

curve.

76



3. RESULTS AND DISCUSSION

3.1. The mechanism of energy transfer in (Gd, Eu)AlO3 and (La, Gd)AlO3

In fig. 2 the concentration dependence of the integrated emission

intensity of Eu3 at 4.2 K is plotted. At 300 K this

dependence is the same within the experimental error. The maximum in this

curve is found for approximately x - 0.1. This indicates that the critical

concentration for energy migration xc - 0.1, and that N, the number of

neighbouring positions on the sublattice through which the excitation energy

migrates, is approximately 20 [5]. A comparison of this number and data on the

crystal structure in Table I shows that nearest and next nearest neighbours

are involved in the energy migration among the Eu3+ ions. This result agrees

very well with the result of Van Uitert and Johnson in (Y, Eu)AlO3 [2].

For Gd3+ in GdAl03 we expect a similar behaviour, viz. energy migration

among the Gd3+ ions involving nearest and next nearest neighbours. In order to

02 04 0.6 08 1.0

Fig. 2. The relative integrated emission intensities of the Eu3+ luminescence

in Gd1.J.EuxA103 at 4.2 K.
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Table I. Number of Gd3+ neighbours and distances in GdAlO3

Number of Gd3+ neighbours Distance (A)

6 nearest neighbours

12 next nearest neighbours

3 60

3.77

3.87

4.89

5.25

5.30

5.62

6.06

6.30

6.61

3.75

5.26

check this, we investigated the luminescence intensity of samples La

(0.02 < x < 0.2). Going from low to higher Gd3+ concentrations, the integrated

Gd3+ emission reaches a constant minimum value between 10 and 15% Gd3+. This

indicates that xc has approximately the same value as for the Eu
3+ compound

From completely different measurements follows an indication that at low

temperatures nearest neighbours and next nearest neighbours are involved in

the energy migration among the Gd3+ ions: the measurements of the energy

migration in GdA103 below and above Tu [5]. Below TD energy migration

involving nearest neighbours is not possible due to the antiferromagnetic

ordering. Only energy migration involving next nearest neighbours is possible.

Above TN nearest neighbours are also involved, and the energy migration among

the Gd3+ ions is much faster than below Tv. In EuA103, which exhibits no

magnetic order, such an effect of temperature on the energy migration has not

been found (see section 3.3 and ref. 6).

Let us now try to relate these results to those obtained earlier (for a

review see ref. 9). For Gd3+ a critical transfer distance has been found of

about 5 A for exchange interaction. This distance can be longer because of a
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contribution of multipole-multipole interaction. The nearest neighbour

interaction in GdA103 is, therefore, of the exchange type in agreement with

ref. 6. The next nearest neighbour interaction is not very easy to deduce

since their average distance is practically equal to the critical transfer

distance for exchange. However, the Gd3+ site is not too far distorted from

inversion symmetry, so that multipole-multipole interaction is also not

expected to contribute considerably for this distance. The importance of next

nearest neighbour interactions in the concentration quenching at 300 K

suggests, therefore, that either the exchange interaction between next nearest

neighbours is relatively strong, which may be related to the favourable nearly

180° Gd-O-Gd angle [2], or that the electric dipole character of the

transitions involved is rather high.

For Eu3+ it has been found that for distances shorter than 5 A exchange

interaction usually dominates. For longer distances the situation becomes

complicated. At 300 K transfer may occur via the 5D0 -
 7Fi transition which

Fig. 3. Eu3+ emission spectrum of Gd0.gEu0 1AIO3 at 4.2 K after excitation

into the charge-transfer band.
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may be rather effective if inversion symmetry is lacking [10]. At low

temperatures transfer occurs via the 5D0 —
 7F0 transition. In view of the low

intensity of this line in the emission spectrum (fig. 3), the probability for

transfer via this mechanism will be very low for next nearest neighbours. The

situation for Eu3+ is, therefore, as problematic as for Gd3+.

Now we turn to the low temperature results [6] . Using an effective

concentration of quenching centres, Salem et al. derived an effective

diffusion constant at 4.4 K of D = 1.6 xlO"9 cm2s"1. Migration occurs mainly

by transfer steps over the six nearest neighbours. If the migration among the

Gd3+ ions is approximated by a nearest neighbour hopping random walk, then

[11]

P0D = bD/a
2 (1),

where PDD is the effective transfer rate between nearest neighbours in the

random walk, D the diffusion constant, b the number of nearest neighbours, and

a the distance between nearest neighbours. This expression yields

PDD(T > TN) - PDD(n) = 0.7 xlO
7 s"1. This is in good agreement with other

estimates [12, 13]. At 1.6 K, i.e. below TN, D = 8 x 10"
12 cnrV1, which leads

to P DD(T < TN) - PDD(nn) - 3x10* s"
1. Since the Gd3+ radiative rate

Prad = 3 x 10z s"1 (see section 3.2), this shows that at 1.6 K PDD(nn) > Prad.

At 300 K we expect this inequality still to hold, since PDD(nn) will increase

with temperature, whereas Prad will not. This then corroborates the results

derived from the concentration quenching experiment, but does not solve the

problem of the interaction mechanism.

The distance dependence of transfer by exchange interaction is given by

exp(-2R/L). Using L - 0.29 A [14] and PDD(n) = O.7xlO
7 s"1, we arrive at an

expected value of PDD(nn) of 2 x 102 s"1. This is at variance with the

experimental value. If we interpret the experimental result for PDD(nn) as

transfer by electric dipole-dipole interaction, this results in a critical

transfer distance Rc of 11.2 A. This follows from (Rc/5.2)
6 - 3xlOV3xlO 2.

This value is much too high [15]. It seems probable, therefore, that the next

nearest neighbour transfer occurs mainly by exchange interaction, and that the

wavefunction overlap is increased by the favourable Gd-O-Gd angle. It was

shown before that superexchange interaction can yield critical transfer

distances above 5 A if the intermediary anion offers favourable wavefunction

overlap [16].
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The facts that our results for the concentration quenching of Eu3+

emission are similar to those for Gd3+, and that the relative intensity of the

electric dipole lines in the emission spectrum is weak (fig. 3), suggests that

also for Eu3+ the next nearest neighbour interaction is dominated by exchange.

3.2. Luminescence properties of GdA103

In this part we report on the luminescence properties of the GdAlO3

crystals doped with Sm3+, at room temperature and at liquid helium

temperature. In ref. 17 De Vries et al. have reported and analysed the

luminescence data obtained for powder samples of GdAlO3 doped with several

activators and for lamp excitation. Here we give some additional results for

crystals under laser excitation. The lowest of the 6I levels of Gd3+, the

6I 7 / 2 level, is split into four components. This splitting into four agrees

with the site symmetry of the Gd3+ ion, viz. D2h. From the excitation spectrum

of the 6P emission it follows that the four components of the sI 7 / 2 level are

t
>-

"N
SI

T
IV

E
 

IN
T

E
R

E
LA

1

(I
j

31.8

/I

\

3 2.0
v(cm

, 32.2
-'1/1000—*•

32/ 32.6

Fig. 4. Gd3+ emission spectrum of GdAlO3 at 298 K after excitation into the

I7/2
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situated at 35 716, 35 704, 35 674 and 35 632 cm"1.

At room temperature excitation into one of the components of the 6I 7 / 2

level yields weak Gd3+ emission (see fig. 4), and relatively strong Sm3+ and

Cr3+ emission. The Gd3+ emission originates from the thermally populated 6P5/2

level (weak) and the 6P7/2 level. The splitting of both levels agrees with the

symmetry of the Gd3+ site. The components of the 6Ps/2 level are situated at

32 570, 32 530 and 32 477 cm"1, and those of the 6P7/2 level at 32 000,

31964, 31939 and 31 8G2 cm"1.

Fig. 5 gives the decays of the Gd3+ 6P7/2 emission upon excitation into

one of the components of the 6l7/2 and of the 6Ps/2 level. The former shows a

build-up, whereas the latter does not. The difference is due to a relatively

slow radiationless relaxation from the excited 6I level to the 6P level. The

build-up in the decay of the 6P7/2 emission represents the lifetime of the

6I 7 / 2 level. The decay of the
 6P7/2 level after excitation in the

 6I 7 / 2 level

was fitted to a two-exponential function which accounts for the build-up and

the exponential decay of the 6P7/2 level. From this fit, the decay times of

the 6I 7 / Z and the
 6P ,. levels at 300 K were found, viz. 0.86 and 2.11 /is,

respectively. For the 6P7/2 level the same decay time was found from a

one-exponential fit of the decay curve after excitation in the 6Ps/2 level. An

exponential decay of the 6P7/2 level is expected in view of the fast diffusion

energy migration among the Gd3+ ions [6, 17]. The decay time of the 6P7y2

level is determined by the concentration of impurities and activator ions

[18].

In the powder sample of LaAlO3 doped with 2% Gd
3+, energy migration

among the Gd3+ ions is not ^nssible. In this compound, the decay of the 6P7/2

level after excitation in one of the components of the 6I7/2 level shows also

a build-up and an exponential decay for longer times. From this decay, the

decay times of the 6I 7 / 2 and
 eP7/2 level were found to be 125 and 2900 its ,

respectively. The decay time of both levels is much longer than in the

concentrated Gd3+ crystal. Obviously, in the crystal the decay time of both

levels is shortened by energy migration among the Gd3+ ions.

Energy migration over the 6P7/2 level is expected and has been found in

many Gd3+ compounds; energy migration over the 6I 7 / 2 level is less general,

but has been reported before [17, 19]. Energy migration over the 8I 7 / 2 level

can occur if th<? nonradiative relaxation from the 6I 7/ 2 level to the
 6P3/2

level of Gd3+ is slow compared to the energy transfer between Gd3+ ions via

the 6I7/2 level. From the results obtained for LaAlO3 doped with 2% Gd
3+ it
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is possible to estimate this nonradiative relaxation rate. The radiative decay

rate of the 6?j,z level and the ratio of the oscillator strengths [20] or the

absorption strengths (see fig. 1 of ref. 17) of the Gd3+ 6P7/2 and 6I 7 / 2

levels (= 0.6), gives the radiative decay rate of the ely/2 level, viz.

570 s"1. The decay rate of the 5I 7 / 2 level (8 000 s"1) minus the radiative

decay rate gives the nonradiative relaxation rate, viz. 7 430 s"1. Assuming

that the transfer probability via the 6lj/2 level is approximately 107 s"1

[17] , this indicates that the excitation energy migrates, during its radiative

lifetime, about 1 350 steps over the 6I level before relaxation to the 6P

levels occurs. Within these 1350 steps the excitation energy can be

transferred to an impurity or an activator ion. This is an even more extended

31.6 31.8 32.0
vfcm'ViOOO—*

Fig. 6. Gd3+ emission spectrum of GdAlO3 at 4.2 K after excitation into the

6l7/z level.
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migration than estimated before by using the modified energy gap law for the

calculation of the nonradiative relaxation rate [17].

At liquid helium temperature, excitation into one of the components of

the 17/2 level yields the Gd3+ emission spectrum given in fig. 6. Weak

emission from intrinsic Gd3+ ions and stronger emission from extrinsic Gd3+

ions (so-called Gd3+ traps [12, 21]) are observed. At least five different

trap emissions could be distinguished with trap depths determined from the

emission spectrum as 23 ± 7 (Tl), 4 8 + 7 (T2), 79 ± 7 (T3), 126 ± 7 (T4) and

211 ± 7 (T5) cm"1. The decay time of the traps varies as a function of

temperature due to thermal depopulation of the traps. By way of illustration

the decay time of T2 is plotted in fig. 7 as a function of temperature. The

experimental data were fitted to:

X/T = Po + PJ exp (AE/kT) (2)

where r is the measured decay time, Po the radiative rate of the trap emission

at very low temperature, Px the transfer rate from the trap to an intrinsic

ion and AE the trap depth. From the fit the following values were found:
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Fig. 7. Temperature dependence of the decay time of the Gd3+ trap T2. The

solid line is a fit to eq. 2.
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Po = 375 ± 13 s"
1, Pi •= (4 ± 3)xlO7 s"1 and AE •= 55 ± 7 cm"1. The radiative

rate of the trap is close to the radiative rate of Gd3+ in LaAlO3, viz.

345 s'1. Although the value of Pj is not very accurate, it gives an impression

of the transfer rate. The value is of the same order as the approximate value

for the transfer rate between intrinsic Gd3+ ions at a short distance [13,

17]. The trap depth is the same as the one found from the emission spectrum.

3.3. Energy transfer in the compound EuA103

The decay curves of the Eu3+ emission in Gd1_IEuIA103 of the samples with

x = 0.01 and x " 1 have been measured at various temperatures between 1.7 and

300 K. The radiative decay time r0 of the Eu
3+ ion in GdA103, determined from

the temperature independent exponential decay curves of the diluted compound,

is 1.83 ms. The decay curves of the concentrated sample are initially

non-exponential. The exponential tail has a decay time of 830 >iS at 1.7 K,

which decreases to 310 //s at 21 K. At temperatures above 21 K the luminescence

signal becomes too weak to be measured accurately, due to the strong

quenching. These results show clearly that energy migration over the Eu3+

donors to acceptor sites takes place down to the lowest temperatures. This

implies that the interactions between the Eu3+ ions are strong. At low

temperatures migratior has to take place via the 7F0 -
 5D0 transition of the

Eu3+ ion. From the spectra it can be seen that this transition is very weak in

this lattice, which makes energy transfer by multipole-multipole interactions

improbable. This suggests that the Eu3+-Eu3+ interactions are of the exchange

type which is consistent with the discussion given above.

The shape of the decay curves of EuA103 indicates that the energy

migration in this compound is diffusion limited [18]. In this case the decay

time of the exponential part of the decay curve is given by:

1/r - lAo + I A D (3).

in which T is the measured decay time and rD is the decay time due to

diffusion. Yokota and Tanimoto have derived an expression for the total donor

decay function, which predicts an exponential decay rate for T -» <» [23]. The

decay rate due to diffusion is then given by:
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l/rD - 11.404 (4).

Here NA is the acceptor concentration, C is a parameter for donor-acceptor

interaction and D is the diffusion constant. In order to estimate D at very

low temperatures we used eq. 4 with the value of T D extrapolated to 0 K,

NA - 10
18 cm"3 (a factor 5 higher than the nominal amount of impurities) and

C - 6 x 10"38 c A ' 1 , which is a typical value for donor-acceptor interactions

in Eu3+ systems [10, 22]. Then D is 5 x ltT10 cra^"1. This is orders of

magnitude larger than the 1.6 K values for GdA103 and TbAlO3 [6, 7] and

illustrates the effective migration among Eu3+ ions in EuAlO3 by exchange

interaction down to very low temperatures. This D value substituted in eq. 1

gives PDD(n) = 2xlO
6 s"1.

In a first approximation D can be taken to be proportional to TD"*
/3 , as

discussed elsewhere [8]. The values of rp'11'3, derived from the experimental

curves with eq. 3, are plotted as a function of temperature in fig. 8. In this

figure it can be seen that the energy migration in EuA103 becomes faster with

increasing temperature. This can be explained as follows. The Eu3+ ions in the

Fig. 8. Temperature dependence of TD"
4'3. The solid line and the dashed line

are discussed in the text.
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lattice experience slightly different crystal fields due to the presence of

random strains and defects. This causes the migration process to be hampered

by small energy mismatches, which must be overcome by temperature dependent

phonon assistance.

The theory of phonon assistance has been described in ref. 24. We have

tried to fit the temperature dependence of D to an expression which takes two

phonon processes into account:

D = AT + BT3 + C (5).

The first term on the right hand side denotes the one-phonon assisted process.

The second term represents the two-site non-resonant two-phonon process. In

fig. 8 the solid line represents a fit to eq. 5, which follows the trend of

the experimental points reasonably well. However, the quality of the fit does

not decrease drastically if we only take the one-phonon assisted process into

account, which gives a fit represented by the dashed line in fig. 8. If we add

a term representing the two-phonon assisted one-site resonant process to

eq. 5, the fit quality decreases drastically.

It must be concluded that the large uncertainty in the experimental

points prohibits a definite conclusion about the phonon assistance of the

energy migration process in EuA103. For equivalent Eu
3+ ions the one-phonon

assisted process is, however, rather unlikely [24].
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CHAPTER VII

VIBRONIC COUPLING AND SINGLE-STEP ENERGY MIGRATION

IN THE SYSTEM Na5(Gd, Eu) (WÔ ,) 4

ABSTRACT

The luminescence properties of the system Na5(Gd, Eu)(WO«)« are reported.

The intensity of the vibronic sidebands in the excitation spectra of the Eu3+

emission increases with the Eu3+ concentration, whereas in the emission

spectra this intensity is concentration independent. This is explained

tentatively with a model involving the 7F and charge-transfer states of Eu3+

and the charge-transfer state of W04
z". Vibrational frequencies are derived

from the spectra.

Multi-step energy migration over the Eu3+ sublattice is not observed in

Na5Eu(WO4)4. The luminescence of about 10% of the Eu
3+ ions is quenched by

single-step energy transfer to acceptors. Single-step energy transfer also

occurs from W0/~ to Eu3+.
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1. INTRODUCTION

The luminescence and energy migration properties of the Eu3+ ion in

inorganic compounds have been the subject of extensive investigations in our

laboratory (see e.g. refs. 1 - 4 ) . We reported on the luminescence of the

double tungstates and raolybdates of the composition AEuM2O8 (A - alkali metal

ion, M = Mo or W) [5]. In these compounds energy migration is a relatively

inefficient process. Also, we reported on the system LiGdj.jjEUxFi, and

Gdi^EUjNbOi [6], in which energy migration occurs via Eu3+-Eu3+ interactions

of the exchange and, in the case of the niobate, superexchange type.

In this chapter we report on the system Na5Gd1-xEu3[(WO4)4 (0 < x < 1) .

The crystal structure of Na5RE(WO4)4 (RE - rare-earth ion), which has been

described in refs. 7 and 8, is related to the scheelite structure of CaW04.

The RE site symmetry is the same as the cationic site symmetry in CaW04, viz.

S4. The shortest RE-RE distance is 6.5 A, much larger than e.g in RENbO4

(3.8 A), which also has a crystal structure that is closely related to the

scheelite structure. In Na5Eu(WO4)4 the Eu
3+ nearest neighbours are linked via

two O-W-0 bridges, in this way every tungstate group has two Eu3+ neighbours

located at about 3.9 A from the centre of the group. In contrast with

NaEu(W04)2, where the Na
+ and Eu3+ ions are randomly distributed over the

bivalent cation sites of the scheelite structure, there is no cation disorder

in Na5Eu(WO4)4. The feature of the double O-M-0 bridgts (M - transition metal)

between Eu3+ neighbours has also been encountered in (Gd, Eu)2(Mo04)3 [3]. In

this compound the bridges span a distance of 6.3 A between the Eu3+ ions.

Nevertheless, energy transfer via superexchange was observed [3].

Considering the above, we studied the luminescence of Na5Gd1-xEux(WO4)4

in order to get more information about the Eu3+-Eu3+ transfer via exchange and

superexchange interactions. The luminescence spectra have been analysed before

by Huang et al [9], who performed crystal field calculations on Na5Eu(MO4)4

(M - Mo, W) . Evdokimov et al. [10] investigated the concentration quenching of

the Eu3+ luminescence in Na5La1.xEux(WO4)4 and Na5Y1-IEux(WO4)4. Furthermore,

room temperature luminescence measurements of a Na5Eu(WO4)4 crystal have been

reported by Pan et al. [11].
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2. EXPERIMENTAL

Powder samples of composition Na5Gd1-I[EuI(WO4)4 (x - 0, 0.01, 0.2, 0.5,

0.7 and 1) were prepared using conventional solid state techniques. The

starting materials (Na2C03, Merck z.A. ; Gd2O3 and Eu203> Highways Int.

99.999%; and W03, Merck, reinst) were mixed and fired at 600°C for 5 hours.

The structure of the samples was checked by x-ray powder diffraction.

The set-up for the luminescence and decay curve measurements has been

described in refs. 1, 12, 13. The measurements were performed at temperatures

between A.2 K and room temperature.

3. RESULTS

3.1. Spectral properties

The excitation and emission spectra of Na5Gd(WO4)4 at 20 K are given in

fig. 1. The excitation band has a maximum at about 230 run. The emission band

lies between 380 and 660 run with a maximum at about 470 nm. From these data we

find the Stokes shift to be about 22 000 cm"1, which is larger than what has

been found for CaWO«, viz. 18 000 cm"1 [14]. The quenching temperature of the

W0«2" emission is 200 - 250 K. In the excitation spectrum the Gd3+ 8S •* 6I

absorption line is visible as a dip in the intensity of the WO,,2" excitation

band at 275 nm. Excitation at this wavelength yields Gd3+ emission (6P -» 8S at

312 nm) as well as W04
2~ emission.

All samples of the system NasGdj-jjEUxCWO*)^ (x * 0) show a bright red

Eu3+ luminescence upon irradiation with UV light at room temperature. Upon

excitation into the 5Lg level of Eu3+ (Aexc - 396 nm), the sample with x - 1

exhibits the highest luminescence intensity, which means that concentration

quenching of the Eu3+ emission is an inefficient process. This has also been

observed by Evdokimov et al. [10] in the system NasLaj-xEUjtCWO*)^

Fig. 2 presents the excitation spectrum of the Eu3+ emission of

Na5Eu(WO4)4 at 4.2 K. It consists of sharp lines in the spectral region

280 - 540 nm, corresponding to the electronic transitions within the 4f6

configuration of Eu3+. Besides these lines, the W0«2" excitation band is
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7ig. 1. Excitation ( ) and emission (-

luminescence in Na5Gd(WO4)4 at 20 K.

-) spectra of the W04
2

500 300
• Mnm)

Fig. 2. Excitation spectrum of the Eu3+ emission of Na5Eu(WO4)4, recorded at

4.2 K, Aem - 617 nm. The notation J-J' denotes the
 7Fj -+ 5Dj. transitions of

the Eu3+ ion. v - vibronic transition.
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Table I. Integrated intensity ratios of the vibronic and electronic

transitions Iv/Ie in the spectra of NasGd

excitation spectrum emission spectrum

x 7F0 -
 5D2/

7F0 ->
 5Dj 5D0 -»

 7F2/
5D0 -*

7FX

0.01 1.4 0.9

0.2 3.6 0.8

0.5 4.3 0.8

0.7 6.3 0.7

1 5.3 0.6

present in the UV region of the spectrum, with a maximum at about 230 run.

Excitation in this band yields Eu3+ and WO4
2" emission. In Na5Eu(WO4)4 the

amount of WO,,2" emission is very small, only a few percent of the total

emission intensity. This indicates efficient W0,,2" •* Eu3+ energy transfer.

Furthermore some vibronic lines belonging to the 7F0 ->
 5D0 2 electronic

transitions are observed. The intensity of these vibronics, compared to the

intensity of the electronic 7F0 -*
 5Di magnetic dipole transition, increases

with Eu3+ concentration in the dilution series. This can be seen in table I

which gives the ratio of the integrated vibronic intensity belonging to the

7F0 ->
 5D2 transition and the intensity of the electronic

 7F0 •*
 5D1 transition.

Fig. 3 gives the emission spectrum of NasEu(WO4)4 at 4.2 K after

excitation at 396 nm, i.e. into the 5L6 level of Eu3+. The sharp lines of the

5D0 -»
 7 F 1 2 3 4 emission transitions are easily observable. Both the

 3D0 -*
 7Fj

and the 5D0 -*
 7F2 transition show a twofold splitting. Some vibronic emission

lines occur in the spectral region 585 - 653 nm, belonging to the 5D0 -*
 7F0

|| and 5D0 •*
 7F2 transitions. The former electronic transition itself could not

be observed in the emission spectra. As can be seen in table I, the intensity

of the vibronic lines in the emission spectra, again compared to the intensity

of the 5D0 •*
 7Fj magnetic dipole transition, is now independent of the Eu3+

concentration in the samples of the dilution series. From the energy

difference between the vibronic and electronic transition in the excitation

and emission spectra the vibrational frequencies involved in the vibronic

transitions can be derived. These data are collected in table II.
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Table II. Vibronic lines in the luminescence spectra of Nas(Gd, Eu)(WO4)4 at

4.2K. All values in cm"1.

excitation spectra

7 F 0 - 5 D 0 - ' 7 F 0 -• 51>2-

17 210 21460, 21410

.. + 60

I. +

It +

II +

•1 +

II +

140

300

350

730

780

„ +

„ +

„ +

., +

„ +

140

210

280

370

710

760

I, + 940 + 940

sion

10

- 110

- 150

- 210

- 270

- 710

- 770

- 840

- 890

- 950

spectra

16 190

n

n

ti

II

„

H

n

n

II

F2:

60

110

130

190

280

350

400

770

890

940

assignment

vibrational mode

lattice

vibrations

i/2, !/,, (W0 4
2"),

i.e. W-0 bending

i.e. W-0

stretching

a) By comparing with data given in ref. 15.

3.2. Decay measurements

To obtain information about the time-dependent behaviour of the Eu3+

emission we recorded the decay curves of the Eu3+ emission of

Na5Gd0 99Eu0.oi(W04)4 and Na5Eu(WO4)«. This was done by exciting the lowest

5Dj crystal field level of the Eu3+ ion at 527.62 nm and monitoring the

5D0 -»
 7F2 emission line at 617.64 nm.

The decay curves of the diluted and concentrated sample have been

measured at temperatures between 4.2 K and room temperature. All curves are

initially non-exponential and have an exponential tail with a decay time of

760 its. Some representative results are given in fig. 4.
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650 600
Mnm)

550

Fig. 3. Emission spectrum of Na5Eu(W0«)4, recorded at 4.2 K, Acxe - 396 nm.

The notation J-J' denotes the 7Fj

v - vibronic transition.

Vj- transitions of the Eu3+ ion.

4. DISCUSSION

4.1. Spectral properties

,'•1 In Na5Eu(W0«)4 the Eu3+ ion occupies a site with symmetry SA. The

{ experimental and expected numbers of lines in the electronic 7F0 -»
 5Dj and

,4

'•_ 5D0 ••
 7Fj transitions are given in table III. From this table it becomes clear

that the experimental results do not violate the crystallographic site

* symmetry S«, but also that the higher site symmetry D2tj seems to be a very

ir good approximation of the real site symmetry. In fact, this has also been

t remarked by Efremov et al. [8] and Huang et al. [9]. The latter concluded this

s from their emission spectra and used the D2d site symmetry in crystal field
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Table III. Numbers of lines of the electronic transitions in the luminescence

spectra of Na5Eu(W04)4.

excitation 7F0

experiment

S4

0 2 3

0 2 3

0 2 2

emission

experiment

7Fo

0 2

0 2

0 2

1 3

k 4

3 3

10

TIMElms)-*-
10

Fig. 4 . Decay curves of the Eu3+ emission i n t e n s i t y in Na5Gd1-xEux(WO4)ll,

Xexc - 527.62 nm, Aera - 617.65 nm. Sol id l i n e s discussed in t e x t , a) x - 0 . 0 1 ,

T - 4.2 K; b) x - 1, T - 4.2 K; c) x - 1, T - 80 K.
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parameter calculations.

The emission and excitation spectra show the well-known vibronic

transitions which have been discussed elsewhere [3, 15, 16] . Table I shows the

ratio of the Integrated intensities of the total vibronic sideband of the

7F0 •*
 5DZ and 5Da -»

 7F2 transitions and the 7F0 -•
 5DX and 5D0 -»

 7Fj

magnetic-dipole transitions, respectively. The latter are taken as a standard,

because their intensity is practically not influenced by changes in the

surroundings of the Eu3+ ion.

The vibronic intensities are at least as strong as the magnetic-dipole

intensities. In the emission spectra they do not depend on the Eu3+

concentration, but in the excitation spectra they do. For Na5Eu(Mo04)«, which

we measured to check our findings, the vibronic intensities are about equal to

those for Na5Eu(WO,,)4.

The higher vibronic intensity in the excitation spectra, which seems to

be a general feature [6, 17], points to a stronger coupling with the

surroundings in the 7F ground state than in the 5D excited state [18]. Hoshina

et al. [19] have observed the same phenomena for Eu3* in the oxysulfides, i.e.

higher vibronic intensity in the excitation spectra and higher vibronic

intensity for higher Eu3+ concentration. They suggested that the Eu3+ ions are

coupled via the 7CTS (charge-transfer state), which mixes with the 7F ground

state. This is not possible with the 5D excited state.

Since in our compounds the Eu3+ charge-transfer state and the tungstate

charge-transfer state are more or less resonant, it is not clear what is the

nature of the excited state which is mixed with the 7F state. The Eu3+ ions in

Na5Eu(W04)(, are situated in the lattice in such a way that every Eu
3+ ion has

four Eu3+ nearest neighbours at a distance of 6.5 A, separated from each other

by a double Eu-0-W-O-Eu bridge [7]. This alignment, together with the

Eu3+-concentration dependence of the vibronic intensity, suggests that the

excited state which mixes with 7F has at least a certain amount of tungstate

character. It is an unexpected result that such weak transitions as the

vibronic transitions under discussion, can be influenced over such long

distances. This shows that the tungstate groups play undoubtedly a role in the

interaction mechanism.

According to considerations by Judd [20] the polarizability of the groups

surrounding the rare-earth ion influences the vibronic intensity. The

tungstate group is known to be rather well polarizable which seems to be a
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good reason why the vibronic transitions of Eu3+ in tungstates are so strong

[16].

The concentration dependence of vibronic intensities has not been studied

extensively. However, the examples of Lnj-j-Eû OzS [19] and NasGdi-xEutCWO^),,

present clear evidence for such an effect. In a completely different way Auzel

et al. [21] have shown that the vibronic interaction in the system Mg1.xNixFz

increases with the concentration of the transition metal ion. For the

rare-earth ions it is not so easy to perform the required measurements because

the weak vibronics are most easily studied in excitation, but the luminescence

intensity usually drops with increasing concentration. As such the system

Na5(Gd, Eu)(WO^)4 is a favourable one. In order to confirm the present results

we checked earlier measurements on the system (Gd, Eu)2(Mo04)3 [3]. The

vibronics were given before. At 4.2 K the ratio given in table I amounts to 10

for Eu2(Mo0i,)3 and 4 for (Gdo 99Eu0 01)2(Mo04)3. These data refer to the

excitation spectra and confirm the intensity dependence. In the solid solution

series (Gd, Eu)2(Mo0(,)3 the rare-earth ions at different crystallographic

sites between which energy transfer occurs [3] are 6.3 A apart and separated

by a similar double Eu-0-M-O-Eu bridge as in NasEuCWO,,^ [22], so that both

systems are structurally and spectroscopically similar.

From the emission spectra it is not possible to derive such a ratio. They

are complicated due to the presence of two crystallographic sites for the

rare-earth ions. There is no doubt that the ratio in emission is much lower

than in excitation. The ratio from the excitation spectra is very high,

especially for the concentrated EujCMoO*^. Since this crystal structure shows

ferroelectricity for several rare-earth ions [22] this confirms also the

relation mentioned above between polarizability and vibronic intensity.

Let us now consider the vibrational frequencies involved. In table II the

frequencies derived from the vibronic transitions in the excitation and

emission spectra are assigned to lattice and tungstate vibrations by comparing

these with IR and Raman data given in ref. 15. The 5D0 ->
 7F0 electronic

transition, which is not observed in the spectra due to its strongly forbidden

character, is placed at 581.0 nm. This gives the best agreement between the

vibrational frequencies involved and is in agreement with data given in

ref. 9. Vibronic coupling in tungstate compounds containing Eu3+ ions has been

reported before. [5, 9, 16]. Our present results agree with these reports.
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4.2. Energy transfer processes

The radiative decay time r0 of the Eu
3+ ion in the Na5(Gd, Eu) (W04)«

system was determined from the exponential part of the decay curve of the

diluted Eu3+ compound and found to be 760 /is. From the fact that the decay

curves of the concentrated compound have an exponential tail with the same

time constant of 760 /is, we can conclude that in Na5Eu(W04)4 energy migration

over the Eu3+ sublattice to acceptor sites where the excitation energy is lost

does not take place. Migration would result in an exponential decay with a

time constant r < T 0 [23]. The same observation has been made by Evdokimov et

al. [10], who reported a Eu3+ decay time of 780 ps for all samples in the

dilution series Na5La1-xEux(W04)4.

The non-exponential initial part of the decay curves of Na5Eu(W0i,)<,

reflects single-step energy transfer from Eu3+ donors (D) to acceptors (A),

the nature of which is unknown. A theoretical description of the time

development of the donor luminescence intensity in the case of single-step D-A

transfer without D-D transfer has been given by Inokuti and Hirayama [24]. In

their model they assume an isotropic distribution of the D and A centres over

the lattice, absence of A-D backtransfer, and D-A interaction of the

multipole-multipole type. They derived the expression:

I(t) - I(0)exp[-t/r0 -r(l-3/S)(NA/N0)(t/T0)
3's] (1),

in which s - 6, 8, 10,... dependent on the type of multipolar D-A interaction,

NA is the acceptor concentration and No is the critical acceptor

concentration, given by:

No"1 - 4/3 *RC
3 (2).

Here Rc is the critical distance for energy transfer for which the donor

radiative rate Prad (- l/r0) equals the D-A transfer rate PDA. The decay •

;* curves of the diluted and the concentrated composition could be fitted very %

•A well to eq. 1. Some examples are given in fig. 4, where the solid lines j

:• represent a fit to eq. 1 assuming dipolar D-A interaction (s - 6). ;

i Using the measured decay curve of Na5Eu(W04)4 at 4.2 K, we estimate the

f amount of Eu3+ ions which are responsible for the non-exponential initial part j<
i '
I of the decay, i.e. whose luminescence is influenced by single-step transfer to sj
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acceptors, to be about 6%. In the diffuse reflectance spectrum of Na5Eu(WOA)il

there is a very weak, broad absorption band between 440 - 640 nm, which may be

due to the acceptors. A possible explanation for this may be that the Na:Eu

ratio deviates slightly from 5:1, which can be compensated by the presence of

Eu2+: Na5.f(Eu
2'l")2J(Eu

3+)1-i(W04)4. Between Euz+ and W04
2" a charge-transfer

transition can occur.

If this assumption is correct, the critical transfer distance Rc for the

transfer Eu3+ -» A is estimated to be about 30 A, following a procedure

described in ref. 25. The Eu3+ ions which are at a short distance from A are

completely quenched. We assume that the 6% of the Eu3+ ions which cause the

non-exponential initial part of the decay curve are located between 20 and

30 A from an acceptor site. This means that about 10% of all Eu3+ ions are

within 30 A of an acceptor. From this the acceptor concentration is estimated

to be 0.03% of the Eu3+ ions. Compared to other concentrated compounds [1, 2,

26] , this is a relatively low value. This may be the reason why the

concentration quenching in the solid solution series is inefficient: during

its radiative lifetime the excitation energy of the Eu3+ ions cannot reach an

acceptor site, i.e. the Eu3+-Eu3+ transfer rate PDD is too small to compete

with Prad.
 arld multi-step energy migration is not observed up to room

temperature.

From this observation we conclude that the interactions between the Eu3+

ions are very weak. According to the theory of energy transfer, these

interactions can be multipolar-multipolar or exchange in character [27].

Let us first consider exchange interactions. The Eu3+ nearest neighbour

distance (6.5 A) is too large for effective direct exchange interaction [26].

In crystals of the system (Gd, Eu)2(Mo0<)3 energy transfer takes place over a

distance of 6.3 A by superexchange interactions via the O-M-0 bridges that

link the Eu3+ ions [3]. However, in powder samples of the same system no

energy migration could be demonstrated, probably because of a higher purity of

the samples [28). Considering the small amount of impurities in NasEuCWOi,),;,

this may be a comparable case. PDD via superexchange interactions across the

O-W-0 bridges cannot compete with Prad.

We can compare this with (Gd, Eu)NbO« [6]. In this system superexchange

interactions are probably active across a niobate group intermediary over a

distance of 7.4 A. The Eu-0-Nb-0-Eu angle is about 180°. In Na5Eu(W0«)« the

Eu-0-W-O-Eu angle is about 120°, which is less favourable for superexchange

interaction [29]. This results in a lower PDD than in (Gd, Eu)NbOA in spite of
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the shorter Eu3+-Eu3+ distance.

Now we turn to multipolar interactions. At low temperatures the

multipolar interaction between the Eu3+ ions has to take place via the

7F0 -
 5D0 electric dipole transition. This transition is absent in the spectra

of Na5Eu(W0$)4, which indicates that energy migration via dipole-dipole

interaction is very improbable. At higher temperatures the 7F1 state of Eu
3+

becomes thermally populated. Energy migration can then occur via the 7FX —
 5D0

transition, as has been encountered in EuAl3B<,012 [30] and Eu(IO3)3 [12]. In

these compounds the Eu-Eu distance is somewhat smaller (= 6 A) than in

Na5Eu(W04)4 (6.5 A). Also, the lowest
 7Fj level in these compounds lies at an

energy of 225 cm"1 and 250 cm"1 above 7F0, respectively. In Na5Eu(WOJ4 the

7FX crystal field splitting is small (= 50 cm"1) , and the lowest 7Fj level

lies at 350 cm"1 above the 7F0 ground state [9]. This higher activation energy

for the migration via 7F1 -
 5Do, together with the larger Eu-Eu distance, are

expected to result in a low value of PDD.

Having considered the energy transfer between Eu3+ and acceptors and

between the Eu3+ ions mutually, we now turn to energy transfer from the W04
2~

group to the Eu3+ ions. This is a very efficient process, considering the

small amount of WO4
2" emission in the spectra of Na5Eu(W04)4 after W04

2"

excitation. The critical distance Rc for the W0«2" •+ Eu3+ transfer can be

estimated using the emission spectrum of Na5Gd(W0«)ii (fig. 1) via the

procedure described in ref. 25:

Rc
6 - 6.3X1027 x 4 - 8 * 1 0 " 1 6

 x f x so (3).

, Here f is the oscillator strength of the 7F0 ->
 5D2 transition of Eu3+

(= 10"7), SO is the normalized spectral overlap (=1.2 eV"1), and E is the

'v energy of maximum spectral overlap between Eu3+ absorption and W0«2" emission

i (-2.7 eV). With eq. 3 we assume electric dipole-dipole interaction between

( WO*2" and Eu3+. The given values lead to Rc =• 4.3 A. This is larger than the

i actual W-Eu distance (3.9 A), which explains why the transfer W0«2~ -• Eu3+ is

' an efficient process.

\ Following the same procedure, it becomes clear why the transfer process

j; Gd3+ •* W04
2" in Na5Gd(WO«)4 is inefficient. The spectral overlap of the Gd

3+

! emission at 312 nm and the W0t
2' excitation band is very small. This explains

j the presence of the Gd3+ absorption as a negative peak on the WO*2" excitation
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band. The W04
2~ emission observed after excitation of the aS -+ 6I Gd3+

transition must be due to partial absorption of the exciting radiation by the

tungstate groups.

5. CONCLUSIONS

The concentration dependence of the vibronic intensity in the excitation

spectra of Na5(Gd, EuHWO*)* can be explained by assuming a tentative model

which involves mixing of the 7F and 7CTS of the Eu3+ ion with the CTS of the

W04
2" group. Energy migration in Na5Eu(WO4)<, is not observed due to the fact

that electric dipole dipole and superexchange interactions between the Eu3+

ions are too weak to result in efficient migration to acceptor sites.

Single-step energy transfer occurs from Eu3+ to acceptors and from W0<,2~ to

Eu3+.
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CHAPTER VIII

LUMINESCENCE AND ENERGY TRANSFER IN EUROPIUM TELLURITE

ANTI-GLASS PHASES

ABSTRACT

The luminescence and energy transfer properties of two lower symmetrical

europium tellurite anti-glass phases are reported, viz. of EUi 79Te0x, which

has a pseudo-tetragonal structure, and of EujoaTeO^, which has a monoclinic,

ordered crystal structure.

In the pseudo-tetragonal phase the Eu3+ ions occupy two major types of

sites. In the monoclinic phase there are at least 7 different crystallographic

sites available to the Eu3+ ions. At low temperatures transfer of excitation

energy to the sites with the lowest 5D<> energy levels occurs, and only these

sites luminesce. Above 10 K backtransfer to higher 5D0 levels takes place.

The energy migration process, which becomes important at temperatures

above 20 K for the pseudo-tetragonal phase and above 10 K for the monoclinic

phase, is two-phonon assisted. For both compounds the assistance mechanism up

to about 50 K is two-site non-resonant, at higher temperatures one-site

resonant.
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1, INTRODUCTION

The luminescence of the Eu3+ ion in crystalline compounds has often been

used as a probe to investigate structural features of the host lattice. The

luminescence spectra of Eu3+ are relatively easy to interpret, which makes it

possible to distinguish in the spectra the luminescence of Eu3+ ions located

at crystallographic sites with different site symmetry (see refs. 1 - 4 and

references therein) . This is made easier by the relatively small inhomogeneous

linewidth of the electronic transitions of the Eu3* ion in crystalline

compounds. In glassy hosts these linewidths are much larger. Due to the fact

that a glass is a disordered medium, the environment of the Eu3+ ion differs

from site to site. This causes continuous small changes in the crystal field

experienced by the Eu3+ ions, resulting in a transition energy distribution

with a Gaussian shape (see e.g. ref. 5). However, recent results on Eu3+-doped

oxide glasses and fluorozirconate glass indicate the presence of a discrete

site distribution instead of a site continuum [6 - 8].

In this chapter we report on the luminescence and energy transfer

characteristics of Eu3+-containing tellurite anti-glass phases. Tromel et al.

have reported on the crystal structure of several tellurite anti-glass phases

like SrTe5On [9] and Ln2Te6015 - Ln4Te702o (Ln = trivalent lanthanide,

ref. 10). These phases have a clear long-range order, but a highly disturbed

short-range order, which is contrary to the situation in a glass. Their

crystal structure is related to the cubic fluorite structure of CaF2. The

metal ions are distributed statistically over the cation sites; the anion

sites are incompletely occupied. The luminescence of the Te4+ (5s2) ion in

these phases has been reported in ref. 11.

Upon heating above 85O°C, the lanthanoid tellurite anti-glass phases form

non-cubic phases, which appear to be derived from the fluorite structure by

lowering of symmetry [12]. X-ray powder diffraction data and luminescence of

these lower symmetry lanthanoid tellurite phases have been reported in

ref. 13. The lower symmetry structure can be described by assuming monoclinic

and pseudo-tetragonal deformations of the cubic fluorite lattice. In ref. 13

the phases are denoted "monoclinic I" (Ln/Te ratio between 1.0 and 1.5) and

"monoclinic II" and "pseudo-tetragonal" (Ln/Te ratio between 1.$ and 2.2).

From the luminescence results it was concluded that the monoclinic I phases do

not have anti-glass disorder, whereas the monoclinic II and pseudo-tetragonal

108



phases do.

In order to investigate energy transfer processes in the Eu3+-containing

samples we studied the pseudo-tetragonal phase E^ 79Te0x (from here on

denoted "X") and the monoclinic I phase Euj ogTeO^ (from here on denoted "M")

in more detail. The M-phase has a 2 x 4 x 3 C-centered fluorite superstructure

with 96 heavy atoms (Eu3+ and Te*+) per cell [14] . The T-phase has a more

complicated relation to the fluorite structure, but seems to have a smaller

supercell than the M-phase with 38 heavy atoms per cell [14].

2. EXPERIMENTAL

The powder samples were prepared as described in ref. 13. The

luminescence of T-Eui jgTeOj, and M-Eu! 0BTeOx was studied spectroscopically

and time-dependently by recording excitation and emission spectra and by decay

curve measurements of the Eu3+ emission. The laser equipment used has been

described in refs. 15 - 17. During the measurements the temperature of the

samples could be varied between 1.7 K and room temperature.

3. RESULTS

3.1.1. Spectral properties

• The excitation and emission spectra of the luminescence of T-Eux 7gTe0x

,V under continuous excitation with a Xe-lamp have been described in ref. 13. The

J excitation spectrum of the Eu3+ luminescence at 4.2 K contains the lines of

the electronic transitions from the 7F0 ground state of Eu
3+ to the higher

J levels of the 4f6 electronic configuration in the region 310 - 581 run. The

' emission spectrum contains the 5D0 -»
 7F0 1234 transitions. All lines in the

• * ' ' ' '

I spectra show substantial inhomogeneous broadening. Some cooperative vibronic

k lines are also observed in the spectra. Finally, the excitation spectrum of

• Eu3+ contains the broad Te*+ absorption band (maximum at about 320 nm),
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Fig. 1. Emission spectrum of T-Eu17gTeOx, recorded a t 4.2 K, Aex<: = 527.8 run.

The no t a t i on J - J ' denotes the 5Dj -* 7Fj> t r a n s i t i o n s of the Eu3+ ion.

i •

indicating Te^ -» Eu3+ energy transfer. No tellurite emission was observed.

We also monitored the excitation lines under high resolution using a

pulsed N2/dye laser system as an excitation source. The
 7F0 •*

 5Dj excitation

line is broad and unresolved. Fig. 1 presents the overall emission spectrum at

4.2 K of the T-phase after excitation in this line. The spectrum is

independent of the exact excitation position in the 7F0 -»
 5Dj line.

Fig. 2 presents the 7F0 -+
 5D0 excitation region at 4.2 K for two

different emission wavelengths in the 5D0 •*
 7F2 emission region. The broad

excitation line shows distinct maxima. It can be seen that the part of the

excitation spectrum for Xm « 624.7 nm (fig. 2-b) with Xexc > 583.0 nm is not

present in the excitation spectrum for A,™ - 615.0 nm (fig. 2-a). Excitation

into this part of the 7F0 •*
 5D0 excitation region at 4.2 K yields mainly

emission of the 5D0 -*
 7FZ line at 624.7 nm. The intensity of the line at

615.0 nm is very low in this case. Time resolved spectra of the 5D0 •*
 7FZ

emission region after 7F0 -»
 sn0 excitation at 581.3 ran, measured with time

delays of 10 /is and longer, do not show any differences with the corresponding

integrated emission spectra. In both cases the two 5D0 -»
 7F2 emission lines at

615.0 nm and 624.7 nm have about equal intensity. The emission line of the
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Fig. 2. Excitation spectra of the 5D0 ->
 7F2 Eu

3+ emission in the 7F0 •+
 5D0

excitation region in T-Euj 7gTe0x, recorded at 4.2 K. a) \em - 615.0 nm; b)

Aa. - 624.7 nm.

transition between the nondegenerate 5D0 and
 7F0 levels is relatively sharp;

its width at 1.8 K is 23 cm"1, which increases with temperature to 57 cm"1 at

50 K. Its position in the emission spectrum at 4.2 K is resonant with the

longer wavelength part of the 7F0 -»
 5D0 excitation.

3.1.2. Decay measurements

To investigate the time-dependent behaviour of the Eu3+ emission of the
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T-phase, we recorded decay curves of the 5D0 -»
 7FZ emission lines at 615.0 and

624.7 run, after excitation into the 5Dj level (Aexc - 527.8 nm) , and the
 5D0

level (A«c - 580.1 and 583.7 run).

Fig. 3 presents a semilog plot of some representative results of the

decay curve measurements. In the temperature region 1.7 - 10 K the decay

curves of both emission lints can be fitted very well to a two-exponential

function. These fits yield a short decay time of 620 /is,and a long decay time

of 1220 (is. From 10 K to 20 K the decay curves are one-exponential with a

decay time r of 620 ps. Above 20 K r decreases with increasing temperature to

400 /<s at 45 K. At still higher temperatures the initial part of the decay

curve becomes non-exponential; the value of r from the exponential tail

decreases to 75 /is at 260 K. For both emission wavelengths we observed similar

results in the whole temperature interval 1.7 - 260 K. The solid lines in

fig. 3 represent the appropriate fits for the decay curves, which also take

into account a background correction.

10

•; v + " ******** +'*+ • • * « • • • • ( b l

6
TIME(ms)-

12

Fig. 3. Decay curves of the Eu3+ emission intensity in T-Eut 7gTe0x,
Aexc - 527.8 nm, Xm - 615.0 nm. a) T - 4.2 K; b) T - 16 K; c) T - 65 K. Solid
lines discussed in text.
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3.2.1. Spectral properties

The luminescence spectra of M-Euj osTeO^ under continuous excitation have

been discussed in ref. 13. As remarked there, the lines of the electronic

transitions of Eu3+ are much narrower than in the T-phase. The excitation

spectrum of the Eu3+ emission at 4.2 K contains sharp lines in the region

310 - 585 nn>, corresponding to the electronic transitions from the 7F0 ground

state to the higher energy levels of Eu3+. In the 7F0 -»
 5D0 excitation region

at least three resolved lines can be observed. In the UV region of the

spectrum a broad tellurite excitation band is observed with a maximum at about

290 run, indicating energy transfer from Te*+ to Eu3+. The tellurite

luminescence itself is not observed. The emission spectrum at 4.2 K consists

of the lines of the electronic transitions 5D0 •*
 7 F 0 1 2 3 4 5 in the region

580 - 760 nm. In the luminescence spectra some cooperative vibronic lines are

present, belonging to the 7F0 •*
 5Do,z excitation and 5P0 -»

 7FO|2 emission

transitions [13].

Fig. 4 presents excitation spectra of the Eu3+ luminescence in the
7F0 •*

 5D0 and
 5D1 regions at 4.2 K, recorded under high resolution using a

pulsed Nz/dye laser and a Nd-YAG/dye laser system. The transitions consist of «

at least 6 and 12 components, respectively. The maximum number of crystal

field components of the 7F0 •*
 5D0 and

 50i transitions for one Eu3+ ion are 1

and 3. This means that there are at least 6 different crystallographic sites

available to the Eu3+ ion.

Fig. 5-a, b gives the emission spectra of the Eu3+ ion at 1.7 K for two

different excitation wavelengths in the 7F0 -+
 5Di excitation region. In the

5D0 -»
 7F0 and

 7Fx transitions 1 and 6 emission lines can be distinguished,

respectively. Since the crystal field can split these transitions to a maximum '

of 1 and 3 components, this means that 2 different Eu3+ sites are emitting at 'i:

this temperature, one of which has a low probability for the 5D0 •+
 7F0 •>;'•

¥
transition. In fig. 5 the emission lines of the two different sites are j

!i •

denoted 1 and 2. On the basis of its excitation spectrum the 5D0 -»
 ?F0 fr

emission line at low temperature can be ascribed to the site denoted 1. This

emission line is resonant with the 7F0 -»
 5D0 excitation transition with the

lowest energy. In the spectrum of fig. 4-b the excitation lines which lead ;
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Fig. 4. Excitation spectra of the Eu3+ emission in M-Eux 08TeOx, recorded at

4.2 K, Xea - 613.46 nm (site 1). a) 7F0 -»
 5D0 spectral region; b) 7F0 -»

 5DX

spectral region, indications 1 and 2 discussed in text.
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Fig. 5. Emission spectra of M-Euj 08TeOjj. The notation J - J ' denotes the
5Dj -» ?Fj. t ransi t ions of the Eu3+ ion, 1 and 2 denote emission lines of s i t e

1 and 2, respectively, a) T - 1.7 K, A,xc - 526.25 nm; b) T - 1.7 K,

X,xc - 526.63 run; c) T - 13 K, Xaxc - 526.63 nm.
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preferentially to emission from sites 1 and 2 are indicated.

Upon raising the temperature additional emission lines appear in the

spectra, as can be seen in fig. 5-c. Also the excitation spectra for all sites

become identical. From the spectra a partial energy level diagram for site 1

can be derived. This diagram is given in fig. 6.

3.2.2. Decay measurements

The decay curves of the Eu3+ 5D0 -»
 7F1|2 emissions of sites 1 and 2 have

been recorded after 5Dt and
 5D0 site-selective excitation in the temperature

interval 1.7 - 250 K. Fig. 7 presents some results of the decay curve

measurements of M-EUi oaTeOx.

E

LU

• 17204 5 D 0

.903
"869

-468
•335
'276

•0 "0

Fig. 6. Partial energy level diagram of the Eu3+ ion at site 1.
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Fig. 7. Decay curves of the Eu3+ emission intensity in M-Eua 08TeOx,

XM - 613.46 nm (site 1). a) T - 4.2 K, XeXL = 581.36 tun; b) T = 4.2 K,

Xexc - 580.49 nm; c) T - 4.2 K, Aejte - 526.25 nm; d) T = 40 K,

A,,, - 526.25 nm. Solid lines discussed in text.

The decay curves of site 1 are exponential. From 1.7 K to 10 K the time

constant r of the decay curves is constant and has a value of 1420 fts. From

10 K to 75 K T decreases to 430 /is. At higher temperatures the initial part of

the decay curve becomes non-exponential. The decay time of the exponential

tail of the decay decreases to 100 ps at 250 K. If the 5D0 level of a Eu
3+ ion

at a site other than site 1 is excited, the decay curve at 4.2 K shows a

build-up in intensity for the first 150 fts after the exciting laser pulse.

This build-up is not present when the 5D0 level of site 1 is excited (see also

fig. 7-a, b).

The decay curves of site 2 are also exponential. The decay times follow

the same trend with temperature as the decay times of site 1: constant from

1.7 K to 10 K with a value of 1380 /is, decreasing to 430 /is at 75 K, a
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further decrease to 80 ps at 250 K while the initial part of the decay curve

is non-exponential. In fig. 7 the fits of the decay carves to an exponential

function which includes a background correction are drawn as solid lines.

4. DISCUSSION

4.1. Spectral properties

The relatively broad excitation and emission lines of Eu3+ in the T-phase

are caused by the anti-glass disorder which is present in this compound.

However, if we consider the 7F0 -•
 5D0 excitation region and the 5D0 -•

 7F2

emission region, there seem to be two major types of sites. At 4.2 K the 5D0

level of type I is excited with Aexc > 583.0 ran, i.e. this level is situated

at energies < 17 153 era"1 above the 7F0 ground state. The sites of type I have

their most intense 5D0 -»
 7F2 emission line at 624.7 nm. The sites of type II

have a 5D0 level at energies > 17 153 cm"
1 and the strongest 5D0 -•

 7F2 line at

615.0 nm. These results are comparable to what has been found for Eu3+-doped

germanate glass [6, 7] and Eu3+-doped fluorozirconate glass [8]. Instead of a

broad continuum of sites which is usually observed in a glassy host [5], these

compositions have three and two major types of sites, respectively. In the

case of the germanate glass the SDO ->
 7F0 emission line shows a distinct

substructure. We also observe a substructure on the 7F0 -•
 5D0 excitation line

(fig- 2).

In view of the fact that at 4.2 K only the 5D0 -*
 7F0 emission of the

sites with the lower 5D0 level is observed, we conclude that all sites can

transfer their excitation energy to these sites. Taking into account the time

; resolved spectra, this transfer process takes place within a few tens of ps

f; after the exciting laser pulse. At higher temperatures backtransfer to sites

( with higher lying 5D0 levels occurs and the
 5D0 -*

 7F0 emission line broadens

i, to the higher energy side.

•' The M-phase does not show anti-glass disorder [13]. The narrow excitation

and emission lines cannot be due to the presence of major types of sites as in

f, the Eu3+-doped germanate [6, 7] and fluorozirconate [8] glasses. The

t inhomogeneous linewidth of the 7F0 •*
 5D0 excitation lines in the M-phase

I (Ai/ <* 2 cm"1) is an order of magnitude smaller than in the fluorozirconate
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glass (Ai/ - 33 cm"1).

On the basis of the number of lines in the 7Ffl •*
 5D0 excitation region at

4.2 K we have concluded that there are at least 6 different crystallographic

sites available to the Eu3+ ions in the M-phase. At a temperature of 4.2 K and

lower only two of the different sites luminesce, of which the site that we

have denoted 2 has a low probability for 5D0 ->
 7F0 emission. Therefore, the

corresponding 7F0 •*
 5Do excitation line will also not be present in the

excitation spectrum, which means that there are at least 7 different

crystallographic sites for Eu3+ in M-Eui 0aTeOx. These sites would give rise

to a maximum of 21 lines in the yF0 -*
 5Di excitation region. Only 12 are

observed, probably due to overlap of the excitation lines in this region.

At low temperatures all sites transfer their excitation energy to the

sites which have their 5D0 level situated at the lowest energy, i.e. sites 1

and 2. Only from these sites luminescence is observed at 4.2 K. This is

comparable to the situation in the T-phase. The build-up in intensity of the

decay curve of site 1 after 5D0 excitation of other sites (fig. 7-a) reflects

the transfer process during the first 150 JJS after the excitation pulse. Upon

raising the temperature, backtransfer to sites with higher 5D0 levels occurs,

which accounts for the appearance of additional emission lines on the higher

energy sides of the 5D0 •*
 7F0 1-2 transitions (fig. 5-c). This also causes the

sites to become more or less equivalent with identical excitation spectra.

4.2. Energy transfer

At temperatures below 10 K the decay curves of the two different types of

« Eu3+ sites (I and II) in T-EUi 7gTe0x are two-exponential. Probably the

i emissions of I and II cannot be separated spectroscopically, so that the decay

'v of both types of sites is measured. In the temperature interval 10 - 20 K

i thermally activated backtransfer of excitation energy from the lower 5D0

' levels to the higher 5D0 levels becomes more and more important. The measured

> decay time will become dominated by the decay of the sites with the highest

,;' 5D() -» 7F0 transition probability. This accounts for the observation of a

\ constant r of 620 /ts in this temperature interval. On the basis of our data it

I cannot be determined whether this is the type I or type II decay.

? The situation in M-Eu108TeOx is comparable. However, the decays of site

1 1 and 2 can be monitored separately, since they have emission lines that can
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be resolved spectroscopically.

At temperatures above 20 K for the T-phase, and 10 K for the M-phase. we

observe a decrease of the measured decay times with increasing temperature.

This is caused by migration of the excitation energy over the Eu3+ sublattice

to acceptor sites (impurities, defects) where the energy is lost [18]. The

measured decay times in the absence of energy migration to acceptor sites

(below 20 K for the T-phase, and 10 K for the M-phase) are, consequently, the

radiative decay times r0, viz. 620 us for site type I or II in T, and 1420 JJS

and 1 380 ps for site 1 and 2 in M, respectively.

The non-exponential initial part of the decay curves at higher

temperatures and the exponential tail indicate that the energy migration

process in both compositions is diffusion limited [18] . Then r of the

exponential part of the decay curve is expressed by:

1/T - l/r0 + l/rD (1).

Here rD is the decay time due to diffusion. From the theoretical expression

for the total Eu3+ donor decay function in the case of diffusion limited

migration, which predicts an exponential decay rate for t -+ «> [19], it can be

derived that:

1/T-D = 11.404 x NA x C
17* x D3'4 (2).

In this expression NA is the acceptor concentration, C is a parameter

describing the donor-acceptor interaction, and D is the diffusion constant.

The parameter C is not expected to depend strongly on temperature, which means

that the temperature dependence of rD stems largely from the temperature

dependence of D. The values of rD are derived from the experimental curves

using eq. 1. Fig. 8 presents a plot of r^1"13, proportional to D, versus

temperature for T-Euj 79Te0x and M-Eui 08TeOx. For the latter composition only

the data of site 1 are plotted, since the decay times of site 2 show the same

temperature dependence.

At this point we must make a clear distinction between what happens at

temperatures below and above 20 K in T-phase, and 10 K in the M-phase. At low

temperatures there is no energy migration. However, energy transfer processes

between the different sites take place. These processes are not fast enough to

result in an efficient migration, i.e. to compete with radiative relaxation
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Fig. 8. Temperature dependence of TD"*
/3.

discussed in text, a) T-Euj 79Te0x; b) M-EUi

Solid lines denoted 1 and 2

rates of the Eu3+ ions, because they are hampered by energy mismatches between

the Eu3+ ions at different sites. At higher temperatures these mismatches can

be overcome by temperature-dependent phonon assistance of the transfer

processes, which results in migration of excitation energy to acceptors.

The theory of phonon-assisted nonradiative energy transfer has been

reviewed by Holstein et al. [20], We have tried to fit the temperature

dependence of TD"*'3 to the temperature dependences of various mechanisms for

phonon assistance. For both compounds the best fit for temperatures up to



about 50 K is given by:

TD-«/3 _ A T3 ( 3 ) ,

which is the expression for the two-site non-resonant two-phonon assisted

process [20]. The fits to eq. 3 are denoted 1 in fig. 8. This mechanism for

phonon assistance has also been encountered in several crystalline Eu3+

compounds at temperatures below about 60 K [21 - 23] .

From temperatures of about 70 K up to room temperature the temperature

dependence of rD"
4/3 for both compounds fits well to:

rD"
4/3 - Bexp(-AE/kT) (4).

This is the expression for the one-site resonant two-phonon assisted process.

The fits denoted 2 in fig. 8 are fits to eq. 4. This mechanism is active when

a third level, located at an energy AE above the ground or excited state, can

be involved in the transfer process. In the case of Eu3+ this is the 7Ft

level, of which the lowest crystal field component lies about 280 cm"1 above

the 7F0 ground state in both compositions. The two phonons involved in the

transfer are resonant with this energy difference. Therefore the process can

only become of interest at higher temperatures. In fact, this is what has been

observed for other concentrated Eu3+ compounds [1, 2, 22]. The fits for

T-Euj^gTeOj and M-Eu108TeOx yield values for AE of 240 cm"
1 and 260 cm"1,

respect:-'.vely. These values agree well with the experimentally determined value

of 280 cm"1 for the 7F0 -
 7F: energy difference. It is very difficult to

evaluate the other fitparameters A and B which arise from eqs. 3 and 4, since

very limited data are available on relevant parameters such as number of and

: distances to neighbouring Eu3+ ions, acceptor concentration, ion-phonon

>J coupling strength and interactions between the Eu3+ ions. This also prevents

• i us to give an estimation of the Eu3+-Eu3+ transfer rate.

t A distinction must be made between one-phonon and two-phonon assisted

j, transfer processes. In crystalline compounds the probability of a one-phonon

assisted transfer process is very low, when transfer occurs between ions at

similar, nearest neighbour sites with small energy mismatch [20] . In amorphous

hosts the mismatch is larger, and may amount to several hundreds of cm"1 [7],

| If the width of the 7F0 •*
 5D0 excitation line is taken as a measure, the

\i energy mismatch is about 70 cm"1 in the T-phase. The maximum energy difference
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between the 7F0 -»
 5D0 excitation lines in the M-phase is 55 cm"

1. These lines

are in itself Inhomogeneously broadened, since their width (= 2 cm"1 at 4.2 K)

exceeds the homogeneous linewidth of the 7F0 -•
 5D0 transition, which is

typically less than 1 cm"1 [7]. The mismatches in the compositions under

consideration are small compared to other glassy hosts and seem to limit the

applicability of the theory for one-phonon assisted transfer in the same way

as they do in crystalline compounds. One of the conditions under which eqs. 3

and A are derived, viz. kT > AE12 (k is the Boltzmann constant, AE12 is the

energy mismatch between ions at different sites) is not completely fulfilled

in our system. However, eqs. 3 and 4 are probably valid in good approximation.

In the compound Gd2O3: Eu
3+ [2] a one-phonon assisted process was found to be

active in the energy transfer between different Eu3+ sites with a mismatch

about twice as large as in the anti-glass phases, viz. 100 cm"1.

5. CONCLUSIONS

In T-Eu179TeOx the Eu
3+ ions occupy two major types of sites, instead of

a broad continuum of sites generally observed in amorphous hosts. In

M-Euj oaTeOjj, which does not show anti-glass disorder, there are at least 7

different crystallographic sites available to the Eu3+ ions.

Energy migration over the Eu3+ sublattice starts at temperatures above

20 K for the T-phase, and above 10 K for the M-phase. The migration process is

two-phonon assisted. Up to about 50 K phonon assistance takes place according

to the two-site non-resonant mechanism. At higher temperatures the assistance

mechanism is of the one-site resonant type.

123



REFERENCES

1. H. Buijs, G. Blasse and L.H. Brixner, Phys. Rev. B 34 (1986) 8815.

2. M. Buijs, A. Meijerink and G. Blasse, J. Lumin. 17 (1987) 9.

3. J.K. Tyminski, C M . Lawson and R.C. Powell, J. Chem. Phys. 77 (1982)

4318.

4. J.-C.G. Bünzli andG.-O. Pradervand, J. Chem. Phys. 85 (1986) 2489.

5. M.J. Weber, in "Laser Spectroscopy of Solids", eds. W.M. Yen and P.M.

Selzer, chapter 6. Springer Verlag, Berlin (1981).

6. X. Gang, G. Boulon and R.C. Powell, J. Chem. Phys. 7JL (1983) 4374.

7. G. Boulon, M. Bouderbala and J. Sériot, J. Less-Common Met. 112 (1985)

41.

8. J.L. Adam, V. Poncon, J. Lucas and G. Boulon, J. Non-Cryst. Solids 91

(1987) 191.

9. H.G. Burckhardt and M. Trömel, Acta Crystallogr. C 39 (1983) 1322.

10. M. Trömel, W. Hützier and E. Münch, J. Less-Common Met. 110 (1985) 421.

11. G. Blasse, G.J. Dirksen, E.W.J.L. Oomen and M. Trörael, J. Solid State

Chem. 63 (1986) 148.

12. M. Trömel, E. Münch and L. Martin, Z. Kristallogr. 174 (1986) 197.

13. M. Trömel, E. Münch, G. Blasse and G.J. Dirksen, J. Solid State Chem. 7<J

(1988) 345.

14. M. Trömel, unpublished results.

15. P.A.M. Berdowski and G. Blasse, J. Lumin. 29 (1984) 243.

16. J.P.M. van Vliet, G. Blasse and L.H. Brixner, J. Electrochem. Soc. 135

(1988) 1574; chapter II of this thesis.

17. A.J. de Vries, J.P.M. van Vliet and G. Blasse, Phys. Stat. Sol. (b) 149

(1988) 391; chapter VI of this thesis.

18. D.L. Huber, chapter 3 in ref. 5.

19. M. Yokota and 0. Tanimoto, J. Phys. Soc. Japan 22 (1967) 779.

20. T. Holstein, R.K. Lyo and R. Orbach, chapter 2 in ref. 5.

21. J.P.M. van Vliet, D. van der Voort and G. Blasse, J. Lumin. 42 (1989)

305; chapter V of this thesis.

22. M. Buijs and G. Blasse, J. Lumin. 34 (1986) 263.

23. M. Buijs, J.I. Vree and G. Blasse, Chem. Phys. Lett. 137 (1987) 38.

124



SAMENVATTING

In dit proefschrift worden de resultaten gepresenteerd van een onderzoek

naar de luminescentie en energie-overdrachtsprocessen in anorganische

verbindingen van de driewaardige zeldzame-aard metaal ionen europium,

praseodymium en gadolinium.

Hoofdstuk II behandelt het systeem Gd1-JjEux(IO3)3. In de geconcentreerde

Eu3+ verbinding vindt geen energiemigratie plaats bij temperaturen beneden

25 K. Bij hogere temperaturen verloopt het migratieproces via thermische

bezetting van het 7FX niveau van de Eu3+ ionen. De diffusiegelimiteerde

migratie vertoont slechts een zwakke temperatuurafhankelijkheid. Dit is toe te

schrijven aan het feit dat de wisselwerking tussen de Eu3+ ionen zwak is.

In hoofdstuk III worden de luminescentie-eigenschappen van het Pr3+ ion

in Lai-xPrxMgAljiOig beschreven. De luminescentie vanuit de aangeslagen

niveaus 3P0 en
 lDz wordt gedoofd door cross relaxatie via éénstapsoverdracht

naar naburige, niet-geëxciteerde Pr3+ ionen. De cross relaxatie bestaat uit

twee processen: |3P0,
 3H4> "* l^*, ^ en \lD2,

 3H<> -• | ̂ , 3F«) .

In hoofdstuk IV worden de luminescentie-eigenschappen van alkali europium

dubbelwolframaten en -molybdaten AEuW2O8 en AEuMo208 (A
+ - alkali metaal ion)

besproken. Deze eigenschappen zijn onderling verschillend afhankelijk van het

type kristalstruktuur. In het energiemigratieproces komt de dimensionaliteit

van het Eu3+ subrooster tot uiting: tweedimensionaal in KEuMo208 en

ééndimensionaal in KEuW2O8 en RbEuW2O8.

De luminescentie en energiemigratie van de isostrukturele systemen

LiGdĵ jjEUjtFi, en Gdj-xEUjjNbOi, worden gerapporteerd in hoofdstuk V. In beide

systemen is de energiemigratie in de verbinding met x - 1 diffusiegelimiteerd.

De migratie vindt plaats via exchange wisselwerking tussen de Eu3+ ionen. In

het fluoride is alleeen direkte exchange werkzaam, terwijl in het niobaat ook

superexchange via de niobaatgroepen een rol speelt. Het migratieproces bij

lage temperaturen is twee-fonon geassisteerd volgens het two-site non-resonant

mechanisme. De Eu-Eu overdrachtssnelheid bij kamertemperatuur is ongeveer

107 s"1 in beide geconcentreerde verbindingen. Verschillen tussen de

luminescentie- en energiemigratie-eigenschappen van het fluoride en het

niobaat kunnen toegeschreven worden aan de verschillende ligandes van Eu3+ in

deze roosters.

In hoofdstuk VI wordt het mechanisme voor energiemigratie in (La, Gd)A103
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en (Gd, Eu)A103 beschreven. De vervalkurves van de Gd
3+ emissie in GdA103

boven en onder de Néel temperatuur van 3.9 K en de concentratiedoving van de

Gd3+ en Eu3+ emissie in deze verbindingen tonen aan dat overdracht plaats

vindt naar naaste en op één na naaste buren. Deze overdracht verloopt via

exchange wisselwerking.

Hoofdstuk VII behandelt het systeem Na5(Gd, Eu) (WO4)4. In dit systeem

neemt de intensiteit van de vibronische zijbanden toe met de Eu3+ concentratie

in de excitatiespektra, maar is concentratie-onafhankelijk in de

emissiespektra. Dit wordt verklaard met een voorlopig model waarin menging van

de 7F en charge-transfer toestanden van Eu3+ en de charge-transfer toestand

van W04
2" verondersteld wordt. Meerstapsenergiemigratie kon niet worden

aangetoond in Na5Eu(WO4)4. Eénstapsenergieoverdracht vindt plaats van Eu3+

naar acceptoren en van W0<2" naar Eu3+.

Tenslotte worden in hoofdstuk VIII de luminescentie en energie-overdracht

van twee europiumtelluriet anti-glas fases besproken. De twee fases zijn

Eut^gTeOjt, dat een pseudo-tetragonale kristalstruktuur heeft, en Eu! ogTeOj,,

dat een monokliene, geordende kristalstruktuur heeft. In de eerste verbinding

bezetten de Eu3+ ionen twee soorten struktuurplaatsen. In de laatste

verbinding zijn tenminste 7 verschillende kristallografische plaatsen

beschikbaar voor de Eu3+ ionen. Energiemigratie over het Eu3+ subrooster

begint bij temperaturen boven 20 K in de pseudo-tetragonale fase en boven 10 K

in de monokliene fase. Het proces is twee-fonon geassisteerd volgens het

two-site non-resonant mechanisme tot ongeveer 50 K, en volgens het one-site

resonant mechanisme bij hogere temperaturen.
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