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CHAPTER I

INTRODUCTION AND SUMMARY

The luminescence of species containing hexavalent uranium has been

the subject of many investigations. Especially the luminescence of the

uranyl ion (U0_ ) has been studied extensively, both in solutions and

in the solid state [see e.g. 1,2]. In a number of compounds, however,

the hexavalent uranium ion occupies the centre of octahedral UO, or

2-
tetrahedral UO, groups. The luminescence of such complexes, which shows

extended vibrational structure, has been investigated in our laboratory

for several years [see e.g. 3-7]. Particularly, the luminescence of the

UO, group as a dopant in tungstates with the ordered perovskite structure

and in NaF has been studied thoroughly [3,4]. These studies deal, among

others, with the assignment of the features observed in the emission and

excitation spectra to electronic and vibronic transitions within the

uranate group. With the use of theoretical and experimental work on UF,

the electronic transitions involved in the emission and excitation processes

could be assigned to charge transfer transitions within the octahedral

uranate groups [ 4].
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The aim of the work described in this thesis was in de first place

to investigate the luminescence of uranate groups in concentrated sys-

tems, i.e. in uranates, and especially to examine the possible role of

excitati » energy transfer between the uranate groups in these compounds.

Energy transfer between the uranate groups is not of much importance

in the diluted systems, because of the low uranium concentration. Con-

centration quenching of the uranium luminescence of uranate groups

occurs at about one mole per cent of uranium (at room temperature) [3l ,

indicating the possibility of effective uranate-uranate transfer.

In concentrated systems energy transfer can be very important [8,9].

In MnF« [10,11], for example, energy transfer occurs already at very low

temperatures (T = 4.2 K) and determines the luminescence properties of

this compound completely. In YVO, [9], on the other hand, energy transfer

becomes only important at relatively high temperatures.

Furthermore some uranyl compounds were investigated in order to com-

pare the energy transfer in these compounds with that in the uranates.

It should be mentioned that energy transfer is known to occur in some

uranyl compounds but has not been studied into detail [see e.g. 12,13].

For several reasons Ba~CaUO,, which has the ordered perovskite

structure, has been taken as a starting point. First of all, the crystal

structure is relatively simple: the uranate groups have almost octahedral

symmetry, they do not share any oxygen ions and there is only one uranate

group per unit cell. Moreover the luminescence of the diluted system,

namely the uranium-doped tungstates with the ordered perovskite structure,

has been studied extensively.

In Chapter II the luminescence properties of Ba.CaUO, are described.

Ba?CaUO, shows a bright green photoluminescence with a high quantum effi-

ciency (q *» 80%) at 4.2 K. When the temperature is raised the quantum
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efficiency decreases rapidly and is less than )% at 77 K. It appears that

the luminescence properties of Ba-CaUO, are determined by the occurrence

of energy transfer, even at very low temperatures (T = 4.2 K ) .

The luminescence behaviour of this compound can be described in the

following way.* After excitation in the intrinsic uranate centres, the

excitation energy migrates through the lattice till it is, at low tempe-

ratures (T < *» 25 K ) , trapped at uranate centres near defects, so-called

traps. The energy levels of these traps differ slightly from those of

the intrinsic uranate groups. It is from these traps, which have an

estimated concentration of about ! mole %, that the luminescence origi-

nates. When the temperature is raised, the traps are emptied and most of

the excitation energy reaches killers. These are centres where the energy

is lost nonradiatively. The above mentioned process results in a decrease

of the quantum efficiency with increasing temperature.

In Chapter III the influence of crystal structure and chemical compo-

sition on the energy transfer processes in uranates is discussed. Besides

Ba2CaU0,, the investigated compounds are: Y,UO _, Li.UO., Li.UO, and MgUO,.

As far as energy transfer is concerned, the luminescence properties of all

of these compounds can be described in roughly the same way as those of

Ba-CaUO,. However, the investigated uranates differ markedly from each

other in one respect, viz. the quantum efficiency of the luminescence at

low temperatures (T = 4.2 K ) . The quantum efficiency, which varies from less

than 1% for Y,U0.2 to about 80% for Ba^CaUO,, is determined by the concen-

tration ratio between traps and killers. If this ratio is high, the quantum

* A schematic illustration of the luminescence and energy transfer processes

is given in fig.9 of Chapter III.



efficiency will also be high. It has been found that compounds with

a low quantum efficiency contain relatively high concentrations of penta-

valent uranium and the killers are, therefore, ascribed to the presence

of pentavalent uranium.

From the results, described in Chapter III, a value of the diffusion

coefficient for excitation energy migration (D) has been estimated. D

—8 2 "1
appears to be > SxlO cm s . It is shown that exchange interaction can

account for such a value of D.

In Chapter IV the emission and excitation spectra of the compounds

mentioned in Chapter III are analyzed. With the use of infrared and

Raman data the vibrational structure observed in the emission spectra is

assigned. The electronic transitions, which are observed in the excitation

spectra, are assigned to charge transfer transitions within the uranate

groups using the assignments made for NaF:U [4].

Because of the fact that in the case of the uranates no intrinsic

luminescence is observed, it is not possible to get detailed information

about the energy transfer rate and mechanism. However, many uranyl com-

pounds show intrinsic luminescence as well as luminescence from traps

t 12,13].

Single crystals of Cs^UO.Br and Cs_UO?Cl, have been investigated in

order to get a better understanding of the energy transfer processes in

these compounds and to compare the results with those found for the

uranates.

In Chapters V and VI the energy transfer processes in Cs.UCLBr, and

Cs2UO2Cl, are described and a comparison is made between these compounds

and the uranates. The energy transfer in CSjUO.Br, and CsJUOJCl, was

investigated by measuring their luminescence properties at low tempe-

ratures (1.5 K < T < 25 K) with the help of selective excitation and time-
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resolved techniques.

On the basis of the experimental results the possible models for

energy transfer in Cs«UO«Br, are discussed. The measurements show that

in Cs-UO,Br, energy transfer to traps is important but slower than in

the uranates and that the trap concentration is most probably lower.

From the results of some luminescence experiments on Cs^UO-Cl, it

appears that biexciton decay occurs in this compound and that energy

transfer to traps is much less important than in CSjUOjBr, and the urana-

tes. Another difference is situated in the fact that the quantum effi-

ciency of the luminescence at room temperature is considerably higher

for Cs2U02Cl, (q « 10%) than for the other compounds (q < 1%). The above-

mentioned phenomena are due to the relatively low concentration of traps

and killers in Cs^UO-Cl,.

In conclusion it is noted that energy transfer plays an important

role in the investigated hexavalent uranium compounds. The consequences

of this energy transfer for the luminescence properties are determined by

the concentrations of traps and killers in these compounds.

The results of the investigations described in this thesis can be found

in the following papers:

D.M. Krol and G. Blasse, Luminescence and energy migration in Ba.CaUO,,

J. Chem. Phys. £9, 3124 (1978).

G. Blasse, K.C. Bleijenberg and D.M. Krol, The luminescence of hexavalent

uranium in solids, J. Lumin. 18/19, 57 (1979).

K.P. de Jong, D.M. Krol and G. Blasse, The luminescence properties of

MgUO,, J. Lumin. 2£, 241 (1979).
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D.M. Krol, J.P.M. Ros and A. Roos, The influence of crystal structure and

chemical composition on the energy transfer processes in uranates, accepted

by J. Chem. Phys.

D.M. Krol, Analysis of the emission and excitation spectra of some ura-

nates, submitted to J. Chem. Soc. Dalton Trans.

D.M. Krol and A. Roos, Energy transfer processes in Cs2UO2Br, crystals,

to be published.

D.M. Krol, Energy transfer and biexciton decay in Cs-UO-Cl, crystals,

submitted to Chem. Phys. Lett.
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CHAPTER II

LUMINESCENCE AND ENERGY MIGRATION IN BaoCaU0,
I o

ABSTRACT

The luminescence of Ba-CaUO, which has the ordered perovskite structure

is reported. Emission and excitation spectra, quantum efficiency and decay

times were measured at 4.2 K. The temperature dependence of the emission

spectra and the decay times were investigated. The results show that in

Ba2CaUO, energy transfer plays an important role, even at 4.2 K. After exci-

tation in the intrinsic uranate centres the energy migrates through the lattice

till it is trapped at uranate centres near defects. These traps get emptied

with increasing temperature. This results in a decrease of the luminescence

intensity and the decay time. Furthermore, some results are given on the

3+
luminescence of Ba.CaUO,:Eu .

z o
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I. INTRODUCTION

In the last few years the luminescence of hexavalent uranium as a dopant

in various oxidic host lattices has been studied extensively [ 1, 2] . In many

cases the luminescence cannot be ascribed to the well-known uranyl ion, but

arises from the U0, octahedron as, for example, in Sr.MgWO,:U I 2] . Up

till now little work has been done on the concentrated systems except for the

uranyl compounds [3, 4].

Because we were interested in the possible role of energy transfer

in concentrated uranates, we decided to investigate the luminescence of

compounds A«BUO> (A, B are alkaline earth ions) which have the ordered

perovskite structure containing isolated U0, octahedra [ 51.

The reason this system was chosen is that a comparison with the diluted

system should be easy because the compounds A-BWO,:U are also investigated

in our laboratory. Moreover, data are available on the reflectance, i.r. and

Raman spectra of compounds A_BU0, and the crystal structure is simple and has

high symmetry.

In this chapter we report results on the luminescence properties of

2. EXPERIMENTAL

Powders of BaoCaU0, were prepared as described by Kemmler-Sack et al. [ 5] .

The set-up for the performance of emission and excitation spectra has been

described elsewhere [ 6l. For these measurements the resolution was about 1 A

(I m Spex monochromator). \

The decay measurements were performed with the apparatus described by i

i

Van Loo [ 7]. The luminescence was detected through a Leiss double-grating

monochromator with slits of 1.5 mm, which corresponds with a resolution of

about 2 nm. As an excitation source a pulsed Xenon flash lamp was used with
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a pulse width of *• 1 usec.

For the measurements at 4.2 K the sample was immersed in liquid helium.

For temperatures above 4.2 K heated helium vapour was used. In all cases the

temperature was measured with a Ge resistor.

2+
The quantum efficiency of the luminescence was measured using Zn^Sft^-Mn

as a standard.

3. RESULTS

Ba-CaUO, shows an efficient green luminescence at LHeT. At this tempe-

rature the quantum efficiency is about 80%. When the temperature is raised

the luminescence shifts to the red (at 77 K the luminescence colour is yellow)

and the intensity decreases. At room temperature the luminescence is almost

completely quenched.

In fig.l we present the emission spectrum of Ba_CaU0, at two different

temperatures.At 4.2 K the spectrum consists of a number of zero-phonon lines

(a, b, c; A = 509.0, 511.0 and 514.8 nm, respectively) each followed by a

number of vibronic lines. These can be ascribed for the greater part to

coupling with the ungerade vibrations of the UO, octahedron, with a progress-

ion in the totally-symmetric breathing mode [8,9]. The vibrational frequencies

are known from i.r. and Raman spectra I 5]. The assignment of the vibrational

structure is in general the same as in the diluted system Sr.MgWO,:U [ 10].

It should be mentioned that the intensity ratio of the zero phonon lines

in the emission spectrum at 4.2 K is not the same in different samples of

Ba.CaUO,.

When the temperature is raised the intensity of the zero-phonon lines

at shorter wavelengths decreases with respect to those at longer wavelengths.

At the same time the total emission intensity decreases (fig.2). At 20 K only

the zero-phonon line at 514.8 nm is left. From the spectrum at 20 K (fig.lb)
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100

E
0>
>
(0
a>

0
100

50

T.20K

510 530
X(nm)

550

Fig.I Emission spectra of Ba.CaUO, at 4.2 K and 20 K . Excitation
z o

wavelength about 400 ntn.
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100

T(K)

Fig.2 Temperature dependence of the total emission intensity of Ba.CaUO,.
2 6

Excitation wavelength about 300 nm.

it is obvious that there is also a coupling with lattice vibrations.

The excitation spectrum of the green luminescence of Ba.CaUO,, recorded

at 4.2 K, consists of one structured band of moderate intensity in the visible

region and of at least one strong structureless band in the u.v. region. The

excitation spectrum is similar to that of Sr^MgWO.iU [10].
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In fig.3 the long-wavelength side of the excitation spectrum and the

short-wavelength side of the emission spectrum of Ba«CaUOfi at 4.2 K have been

drawn. Note that none of the zero-phonon lines in the emission and excita-

tion spectra coincide. The zero-phonon line in the excitation spectrum (a1)

is situated at 508.0 nm, whereas the first zero-phonon line in the emission

spectrum (a) lies at 509.0 nm.

The assignment of the vibrational structure in the excitation spectrum

is given in table 1. According to this assignment the value of v. in the

excited state is about 670 cm , which is 60 cm lower than the value of

v in the ground state (730 cm ).

1OO
AE«26Ocrrf

4 9 0

T=4.2K

500 510 520
X(nm)—»

530 540

Fig.3 Part of the emission and excitation spectrum of Ba.CaUO, at 4.2 K.

For the emission spectrum the excitation wavelength is 400 nm, for

the excitation spectrum the emission of 560 nm wavelength was recorded.



25

TABLE I

Assignment of the vibrational structure in the excitation spectrum

of Ba2CaUO6 at 4.2 K.

X(nm)

508.0

505.8

502.7

499.6(br)

496.0(br)

489.2(br)

486.2(br)

difference with

z.p. line (cm )

0

86

208

325

475

755

885

assignment

zero-phonon line

+VS,

+V6

+V4

+V3

+VV*
+ V1 + V6

The general features of the emission and excitation spectra described

above for Ba~CaUO, are also observed for other compounds A-BUO,, e.g.

Ba-MgUO, and Ca.UO,.
J. O J O

The decay of the total emission of Ba2CaU0, was measured as a function

of temperature. Because the decay curves were very complex at all temperatures,

the decay times of the two most intense zero-phonon lines, situated at 511.0 and

514.8 ran, were measured separately. At all temperatures the decay curves were

now single exponentials within the experimental accuracy. A rise

time could not be detected with the apparatus available (pulse width about

1 visec). The long value of the decay time at low temperatures is in excellent
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*-trap b

\ o-trap c

\ V
Xem= 511.0 nm

Xem= 514.8 nm

10 20
T(K)-

30

Fig.A Temperature dependence of the decay time of the emission of Ba?CaU0,.

Excitation region 250 - 450 nm.

agreement with the values reported for the diluted uranium systems and has

been discussed elsewhere [ II]. The temperature dependence of the decay time

is shown in fig.4. For both emission lines the decay times can be plotted as

— = — + C exp(-AE/kT), where x is the decay time at 4.2 K (fig.5).

Finally, emission and excitation spectra were measured for Ba_CaU0, doped

with 1% and 0.1 % Uu . In both samples the emission at 4.2 K consists of

both uranate and Eu emission. The uranate emission is the same as in the

undoped samples. The Eu emission intensity increases from 4.2 to 20 K and

decreases above 60 K till it is almost completely quenched at room temperature.
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c

6

30 25

\

: \
\
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\

~—T(K) 15

x - A . e m
r 511.0 nm

o -Xem* 514.8 nm

\

\

1 1

&E= 120 cni1

AE = 220 cm

X

30 40 50 3 -1 J60
10 T ( K ) — *

70 80

Fig.5 The temperature dependence of the decay time, plotted as ln( )

3 T T°
vs 10 /T.

From the fact that the D - F line is by far the strongest Eu + emission

line, it follows that the Eu -ion is for the greater part incorporated at

sites with inversion symmetry, i.e. the Ca sites. The intensity ratio of

3+ 3+
the uranate and Eu emission is 3 and 30 for the 1% and 0.1 % Eu sample,

3+
respectively. The excitation spectrum of the Eu emission is the same as

that of the uranate emission.

4. DISCUSSION

The emission spectrum of Ba-CaUO, changes significantly with temperature.

The fact that the shorter-wavelength emission peaks are replaced by longer-
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wavelength peaks with increasing temperature indicates energy transfer between

different uranate centres. Because none of the zero-phonon lines in emission

coincide with the zero-phonon line in excitation, it must be concluded that

emission and excitation take place in different uranate centres. The high

quantum efficiency at 4.2 K indicates that hardly any absorbed energy is lost

nonradiatively. This means that there is already efficient energy transfer at

4.2 K from the intrinsic centres to the emitting ones.

The previous considerations lead to the following model which is drawn

schematically in fig.6. Excitation occurs in the intrinsic uranate groups

of which only one type is present in view of the crystal structure. The

excitation energy migrates through the lattice till it is trapped at uranate

centres near defects which have dightly different energy levels. These

centres give rise to the observed luminescence.

regular —
uranate '
centres trap b*-i

e x c nm

i

AE=i20cm 1 ]

t rap c •*-

X e m = 511.0 nm

T i
AE= 260 cm1

1

1

Aem=514Snm

I
'<—. killer

Fig.6 Schematic energy level diagram of Ba2CaUO. (see text).
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That the luminescence originates from centres near defects is in line

with the fact that the intensity ratio of the zero-phonon lines at 4.2 K is

different in various samples of Ba^CaUO,. Although these centres differ

from the intrinsic uranate groups, they should also consist of uranium-

oxygen octahedra in view of the vibrational structure observed.

When the temperature is raised the uranate traps get emptied one by

one, as follows from the temperature dependence of the emission spectra.

Now trapping at killer sites becomes also important; this results in quenching

of the luminescence intensity.

When the traps are emptied the decay ti'-.e of their luminescence

decreases according to — = — + C exp(-AE/kT), in which AE is the activation
T T0

energy for detrapping. In the temperature region, in which the decay times

were measured, the temperature dependence of the radiative decay time can be

neglected. The AE values derived from the decay measurements are 120 and 220

cm for the emission lines at 511.0 and 514.8 nm, respectively (fig.5).

These AE values should correspond with the energy difference between the

respective zero-phonon lines in emission and the zero-phonon line in excita-

tion. The spectrally determined values are 120 and 260 cm , respectively

(fig.3). This is in fairly good agreement with the values mentioned above,

especially since the decay measurements were not very accurate. The reason

for this is the weak intensity of the selected emission, because only the

zero-phonon lines were measured.

In the case of Ba~CaU0,:Eu the Eu ion also acts as a trap for the

3+
excitation energy. At low temperatures there is an enhancement of the Eu

emission intensity when the uranate traps are emptied. Because the Eu trap

lies deeper it is emptied at higher temperatures than the uranate traps.

If the Eu trap is emptied by detrapping from the D_ level to the

3+ .
uranate centres, the temperature dependence of the Eu emission intensity,
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plotted as ln(y - •=—) vs 1/T (I- is the intensity before detrapping occurs),

should yield a straight line with a slope of AE/V.; AE is the energy difference

between the lowest energy level of the intrinsic centres and the D« level

of the Eu ion which is about 2500 cm

In fact, the curve of ln(y - — ) vs I/T is not linear. This indicates

that the mechanism for detrapping is more complicated than described above.

If a mean slope of the curve is determined, this yields a AE value of roughly

400 cm . This probably means that detrapping occurs from the D level,

the energy difference between this level and the lowest level of the intrinsic

uranate groups being about 700 cm . In view of this suggestion it should

be noted that the nonradiative D. - D. transition rate in the Eu ion is

4 -I
restricted by a selection rule and is slow, for example about 10 sec in

YA10 3 [ 12] .

From the intensity ratio of the Eu and uranate emission the concentra-

tion of uranate traps can be estimated to be approximately 1 at %. Herewith

it is assumed that the ratio of the probabilities of trapping at a Eu and a

uranate trap is equal to the ratio of their respective concentrations.

It is tempting to speculate on the nature of the uranate traps. In

view of their long decay time and the vibrational structure their surroundings

cannot be strikingly different from the intrinsic groups [ 2 ] . It is therefore

suggested that these traps are due to a disorder in the perovskite lattice.

A slight Ba-Ca disorder, for example, cannot be excluded and has been suggested

before [ 5] . ••

In conclusion we note that the situation described above for Ba^CaUO,,
2 o

viz. efficient energy migration at low temperatures and luminescence from

traps, has also been found in other compounds, e.g. MnF. [13] and RbMnF. [14].
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CHAPTER III

THE INFLUENCE OF CRYSTAL STRUCTURE AND CHEMICAL COMPOSITION

ON THE ENERGY TRANSFER PROCESSES IN URANATES

ABSTRACT

The luminescence properties of several uranates are reported. The

compounds that have been investigated are Y^UO.^, Li.UO-, Li,UO, and

MgUO,, all of which contain distorted uranate octahedra.

Emission and excitation spectra and the quantum efficiency of the

luminescence were measured at 4.2 K. Furthermore, the temperature de-

pendence of the luminescence was investigated.

The results show that the excitation energy migrates through the lat-

tice and that the luminescence occurs from uranate centres near defects.

These centres act as traps for the migrating excitation energy. The quan-

tum efficiency of the luminescence varies strongly within this series of

compounds. This is ascribed to a variation in the concentration ratio 'J

of traps and killers (U ions). When the energy migration process is ,-S

described with a diffusion model, the diffusion coefficient appears to be -̂

> 5x10 cm s . Finally, some more specific results are presented for *'{l

Y6UOI2, Li^U05 and LijUO^. •
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1. INTRODUCTION

In a previous paper we reported on the luminescence of Ba^CaUO,. [ 1 ] •

This compound contains UO, octahedra. Its luminescence properties are

determined by migration of the excitation energy through the crystal

lattice, even at very low temperatures. Uranate centres near defects

act as traps for the migrating energy. It is from these traps that the

emission originates. When the temperature is raised, the traps get emp-

tied and above some 30 K the greater part of the excitation energy reaches

killer sites. These are sites where the excitation energy is lost non-

radiatively. This latter process results, therefore, in quenching of

the total luminescence intensity.

It is well known that energy transfer processes are sensitive to

crystal structure and chemical composition. This has, for example, been

investigated for divalent manganese compounds and trivalent rare-earth

compounds [2,3,4]. One of the factors which determines the energy trans-

fer rate is the distance between the optically active centres in the

lattice. Furthermore, the concentration of the above-mentioned traps

and killers will also depend on chemical composition and, therefore, vary

from compound to compound. To study the influence of chemical compo-

sition and crystal structure on the energy transfer processes in urana-

tes, we investigated Y,UO]2» Li.UO-, Li^UO, and MgUO,. In all these com-

pounds the U ion is octahedrally surrounded by oxygen ions.

The luminescence properties of MgUO, have already been reported in

ref.5. Only those results will be mentioned here which are important

for a comparison with the other uranates.

In this chapter we will restrict ourselves to the luminescence pro-

perties which are relevant for a discussion of energy transfer. A dis-

cussion of the assignments in the emission and excitation spectra of the
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compounds mentioned above will be the subject of another paper [6].

2. STRUCTURAL DATA

In Y,UO]7 the UO, groups deviate from octahedral symmetry, but they

are isolated from each other, i.e. they do not share oxygen ions [7].

The shortest U-U distance is 6.5 A. The crystal structure of Li.UO-

contains linear strings of distorted uranate octahedra [8]. Each octa-

hedron shares corners with two other octahedra. The U-0 bonds in the

string are longer (r.._0 = 2.23 A) than the four other U-0 bonds

(r = 1.99 A ) , which lie in a plane normal to the U-0 _ bonds. The

shortest U-U distance is 4.5 A.

In Li2UO, [9] and MgUO, [ 10] the uranate groups can be regarded as

uranyl groups with four equatorial oxygen ions. The distorted uranate

octahedra are joined by sharing these equatorial oxygen ions. In MgUO,

the bond length in the uranyl group is 1.92 A, while the other U-0 dis-

tances are 2.16 - 2.20 A. In Li UO, the bond lengths in the uranyl group

are not equal, viz. 1.92 and 1.97 A; the other U-0 distances are 2.19 A.

The shortest U-U distances are 3.5 A for MgUO, and 4.0 A for Li-UO,.

3. EXPERIMENTAL

Powders of Y,U0in were prepared by firing intimate mixtures of Y.0.D Iz l i

(Fluka AG, puriss C) and uranyl acetate (Merck p.a.) for several periods

of 15 hrs at 1500 C in an oxygen atmosphere.

For the preparation of (YQ 9 9Eu Q 0 ]) 6UOj 2 the same procedure was fol-

lowed. In this case the starting materials were Y 2O,, Eu 0, (Fluka AG) and i"

uranyl acetate. Powders of Li.UO. were prepared by firing mixtures of ^

LiN03 and uranyl acetate at 1000°C in a dry oxygen atmosphere. An excess \

of 25 mole % LiNO, was used. In this way Li,U0, was formed also, but the '«
J DO
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samples were fired for several periods of 15 hrs until Li^UO, could no

longer be detected in the X-ray diagram. Powders of Li»UO, were prepa-

red by firing mixtures of Li.CO. (Merck p.a.) and uranyl acetate for

about 15 hours at 800 C in a dry oxygen atmosphere. The preparation of

MgUO, has been described in ref.5. All samples were checked by X-ray

powder analysis, using Cu-Ka radiation.

For the performance of the luminescence measurements the samples

were immersed into liquid helium in a Thor bath cryostat (type S-100).

For measurements above 4.2 K heated helium gas was used. The tempera-

ture was measured with a germanium resistor. Temperatures < 4.2 R

were obtained by pumping off the liquid helium. For the performance of

the emission spectra the samples were excited through a filter with a

Xe lamp (450 W) and the luminescence was analyzed with a Leiss double

monochromator (0.3 m) with gratings or a 1 m Spex, and detected with

a photomultiplier (EMI 9558QB or RCA C31034). For the excitation

spectra one of these monochromators was put in the excitation beam and

the emission was detected through a Leiss single monochromator (0.3 m)

with a grating. The quantum efficiency of the luminescence was measured

using Zn^SiO.-Mn as a standard. The diffuse reflectance spectra were

recorded on a Shimadzu MPS-30L spectrophotometer at room temperature.

4. RESULTS

4.1 G&neAal

The investigated uranates show a green or a yellow photoluminescence

at 4.2 K. The emission spectrum of each compound consists of a number

of sharp lines, each of which is accompanied by vibrational structure at

its long-wavelength side. The short-wavelength part of each emission

spectrum is shown in fig.1-4, together with the long-wavelength part of

its excitation spectrum. In the case of Y,U0]7 the uranate emission was
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qioo

Fig.] Emission and excitation spectrum of Y UO . For the emission spec-

trum, the excitation wavelength was around 400 nm. For the excita-

tion spectrum the Eu luminescence of (Y

tored (A = 608 ran) .
em

_ was moni-

lioo

Fig. 2 Emission and excitation spectrum of Li.UO,.. For the emission spec-

trum X is about 400 nm and for the excitation spectrum X is

exc em

570 nm.
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Fig. 3 Emission and excitation spectrum of Li.UO,. For the emission spec-

trum X is about 400 nm and for the excitation spectrum X is

exc em

560 nm.
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Fig. 4 Emission and excitation spectrum of MgUO,. For the emission spectrum

A is about 400 nm and for the excitation spectrum X is 600 nm.
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TABLE I

Quantum efficiency of the luminescence (q) of uranates at 4.2 K

Compound

BaoCaU0,

Y6 U O12

Li4UO5

Li2UO4

MgUO4

q (%)

80

< 1

> 50

70

10

too weak to measure an excitation spectrum with high enough resolution.

For that reason the uranate excitation spectrum was measured by monito-

ring the Eu emission of (Y» QQEU_ _()gUO.„ (see also section 4.2).

The relative intensities of the sharp emission lines (and the vibra-

tional structure belonging to each of them) vary from sample to sample

of one and the same compound. The emission spectra show a strong tempe-

rature dependence. When the temperature is raised above 4.2 K, the sharp

lines disappear successively, together with their vibrational structure.

The lines at shorter wavelengths disappear first. In some cases the

lines at longer wavelengths gain some intensity before they start to

disappear. Consequently the total luminescence intensity decreases with

increasing temperature. At 77 K less than one per cent of the initial

intensity is left.

So far we only considered those luminescence properties in which

the uranate compounds resemble each other. There are, however, some

striking differences between them. The most important one is the dif-

ference in the quantum efficiency of the luminescence at 4.2 K. The va-

lues of the quantum efficiencies have been tabulated in Table I.
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100

700 900 1100 1300 1500
X(nm)-*

Fig.5 Diffuse reflectance spectra of (a), L i 2
u 0

4 (b)» M8 UO 4 (c)

and Y.UO „ (d), recorded at room temperature. Along the vertical

axis the relative reflection, using MgO as a white standard, has

been plotted.

Furthermore, there are differences in the diffuse reflectance spectra

in the wavelength region between 700 and 1500 nm. This is shown in fig.5.

In the following sections we will examine some more specific proper-

ties of Y6UO]2, Li4UO5 and L^UO^.

4.2 V6UO1Z

This compound shows a uranate emission which is very weak, even at

1.4 K. When one per cent of the Y ions is replaced by Eu ions, only

the characteristic Eu emission is observed. The excitation spectrum

of the Eu emission has already been presented in fig.1. The intensity

of the Eu emission decreases above 130 K. In fig.6 the temperature
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dependence of the intensity is plotted as ln(y - —) versus the reci-
i0

procal temperature; I~. is the intensity before quenching occurs. The

decay time of the Eu emission (T = 500 ys at 4.2 K) shows the same

temperature dependence.

Fig. 6 Temperature dependence of the intensity of the Eu luminescence in

9Eu

perature.

99Eu0 0p6 U O12' P l o t t e d a s ln(j ~ Y ) versus the reciprocal tem-

4.3 LljUQ^

The emission spectrum of Li,U0 is very sensitive to the atmos-

phere in which the sample has been fired or preserved. When no spe-

cial measures are taken to keep the sample dry, the emission line at

537.8 nm is by far the strongest at 4.2 K. In that case this line

also appears in the excitation spectrum, as shown in fig.2.
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100-

544 548 544 548 544
X(nm) — •

548

Fig.7 The emission spectrum of Li_UO, as a function of irradiation time,

recorded at 4.2 K. Spectrum a was recorded before irradiation with

uv, b after 2 hrs and c after 6 hrs of irradiation.

4.4 U2UO4

This compound shows a rather complicated luminescence behaviour.

Under the experimental conditions described in section 3, uv exci-

tation induces a new line at 544.8 nm, followed by vibrational struc-

ture. The intensity of this line increases with the irradiation

time. An example of this is given in fig.7. After the irradiation

has been terminated, the intensity of this line decreases but does

not completely disappear.

The temperature dependence of the emission is also more complex

than that of the other uranates. In Fig.8 the relative intensities

of the lines at 544.8, 545.4, 546.2 and 548.3 ran have been plotted

against the temperature. Note that the temperature dependence of the
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lines at 545.A and 546.2 nm is the same in the high temperature re-

gion. Finally, it should be mentioned that Li«UO, decomposes when

irradiated with a pulsed dye laser in the wavelength region around

500 nm. The laser generated a pulse having a peak power of 30 kW

and a pulse width of about 10 ns.

100

t>»
<D 5 0

I

\
\ 548.3 nm

\-546.2 nm

\
\

\

20 30
T ( K ) -

40 50

Fig.8 Temperature dependence of the relative intensities of the emission

lines of Li^UO,. The excitation wavelength is around 400 nm.
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5. DISCUSSION

5.1 GzneAaZ ct66

The luminescence properties of the uranates, which were described

in section 4.1, are very similar to those reported for Ba2CaUO, [1]

and can be explained in the same way. This means that in each exci-

tation spectrum the sharp line which is indicated with an arrow in

figs.1-4 is ascribed to the electronic origin of the lowest transi-

tion within the intrinsic uranate group. The sharp lines in the

emission spectra belong to the electronic origins of transitions

within uranate groups near defects, the so-called traps. Each sharp

line in the emission spectrum corresponds to a different trap.

The luminescence behaviour can be described with the energy level

scheme, shown in fig.9. After excitation in the intrinsic uranate

<

Pr

f

A n t r k t r |

w

5 5

|k'trexp(-A/kT)

J_trap

P'r

• •

|nQkQ

_| killer

r

intrinsic
uranate
groups

Fig.9 Schematic energy level diagram for the luminescence and energy

transfer processes in uranates.
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groups (process w) the excitation energy migrates through the lat-

tice until one of the following processes takes place:

a. emission from an intrinsic uranate group; the rate of this pro-

cess is -P .

b. non-radiative decay within an intrinsic uranate group. In view

of the results of luminescence studies on diluted systems [11],

this process can be neglected in the temperature region under

consideration (T < 50 K ) .

c. energy transfer to a trap; this is a uranate group near a defect,

which has slightly different energy levels. From this trap

luminescence can take place with a rate p' or the energy can be

transferred back to the intrinsic uranate groups.

d. energy transfer to a killer site, where the excitation energy is

lost nonradiatively. From a killer no back transfer is assumed to

occur.

The total rate for trapping at a certain trap or killer is ntr'
t
tr

or n k respectively. In these rates the number of traps (ntr)
 and

killers (nQ) per intrinsic uranate group is taken into account expli-

citly. The rate for back transfer from a trap to the intrinsic ura-

nate system is assumed to be k1 exp(-A/kT). A is the energy diffe-

rence between the lowest electronic levels of the trap and the in-

trinsic uranate group.

On account of the fact that in none of the compounds any intrin-

sic uranate emission is observed, it is concluded that the rate of pro-

cess a is much smaller than the sum of the rates of processes c and d.

The luminescence originates from the traps mentioned above. At low

temperatures no detrapping will occur but at higher temperatures the

traps will be emptied successively. When these traps become less effi-

cient, an increasing amount of excitation energy will be trapped at
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killer sites. This results in a decrease of the total luminescence

intensity. In some cases the increasing amount of energy, which is

released when the shallower traps are emptied, is not only transferred

to killer sites but also to the deeper traps, which are not yet emptied

at that particular temperature. Consequently, the intensity of the

emission from these traps increases.

In the low temperature region, where detrapping is negligible, the

quantum efficiency is equal to Y, n k /(Z n k + £ n k ) ; in this

expression the summation is over the different types of traps and killers.

From Table I it follows that for Y,UO,. and MgUO, t n k is larger than

6 12 4 Q Q Q

£ n k , whereas for the other compounds the opposite holds.

The diffuse reflectance spectra of Y,UO)2 and MgUO, (fig.5)show

some absorption between 700 and 1500 nm. The absorption bands are

ascribed to an intervalence charge transfer (IVCT) transition be-

tween U and U [5,12], In those compounds, in which the U con-

centration is relatively high, the quantum efficiency is low and,

therefore, the killer sites are most probably U ions. Moreover,

there will be enough spectral overlap between the intrinsic uranate

emission and the IVCT absorption.

The presence of U in Y,UO „ and MgUO, is in line with the fact

that both compounds are known to easily become oxygen deficient

[7,13]. This oxygen deficiency can be compensated by the reduction
6+ 5+

of U to U .

In the following we will try to give a somewhat more quantitative ,'

description of the energy transfer processes in uranates. Since -\

t
only few quantitative data are available, the main object will be to •;

i
get an idea of the lower limit of the energy transfer rate in these j

systems. We will consider those compounds, for which the quantum *
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efficiency of the luminescence is high, i.e. Ba-CaUO,, Li,UO_ and

Li_UO,. There is supposed to be only one type of trap with n < 1%

of the uranium atoms. The rate for transfer to a trap is determined

by the sum of the rate for migration through the lattice and the rate

for the trapping process itself. We will assume that the probability

for transfer between two intrinsic uranate groups is equal or less

than the probability for transfer between an intrinsic uranate group

and a trap. The validity of this assumption will be discussed later.

In that case the trapping rate is determined by the migration through

the lattice. This migration can be described with a diffusion pro-

cess [ 14] :

ntrktr " ctrktr " 4™ Rtr ctr ( 1 )

In this expression c t r is the concentration of traps in cm , D is the

2 —I
diffusion coefficient (cm s ) and R the trapping radius (cm). From

the fact that no intrinsic uranate emission was observed, not even upon

further amplification of the photomultiplier signal, it is concluded

that

3
4TVDR C > 10 p .

tr tr *r

For the value of Pr the radiative decay rate of a trap (p^) is taken, i.e.

the trap decay rate at low temperatures. The radiative decay rate of a

trap will be approximately the same as that of an intrinsic uranate

group. In the case of Ba.CaUO,, for example, the radiative decay rate

of a trap was found to be 350 ps [ 1 ] , whereas the radiative rate of the

UO, group in Ba^CaWO,:U , which is isostructural with Ba,CaU0,, is

240 vis [ 15 ] . As an upper limit fore the value corresponding to \X of

the uranium atoms is used and forR the shortest U-U distance. The va-
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lues of p' , c and R have been tabulated in table II for Ba_CaUO,,
^ tr tr z o

Li,UO_ and Li-UO,, together with the corresponding values of D.

TABLE II

Parameters related to the energy transfer rate in uranates

Rtr(A)
-3

D(cm2s~1)

t,-(.->

Ba2CaUO6

6.2

< 6xlO19

2.8xlO3

> 6x10~8

> lxlO8

Li4UO5

4.5

< 9x1O19

2.8xlO3

> 6x10~8

> 2xlO8

Li2uo4

4.0

< lx,020

l.OxlO4

> lxlO"7

> 4xlO8

E(eV)

Q^cmV)

Pdd(s~')

PSS (s *

1.6

ixlO"21

5xlO3

IxlO8

1.5

2xlCf2)

8xlO4

5xlO9

1.5

SxlO"21

2x106

l x.o
1 0

If the diffusion is described with a nearest-neighbour random walk

model, we can also calculate the average hopping time

TH 6D (2)

where $- is a lattice spacing. The above expression is valid for a simple

cubic lattice. In view of the crystal structures of the uranates under

consideration it is a reasonable approximation to use this formula. The
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values of T ~l are also listed in Table II, with £ taken equal to the
H

shortest U-U distance.

The values of T H should correspond to the rate for transfer between

two intrinsic uranate groups (S). This rate will be denoted by P and

ss

can be estimated with Dexter's formulas for energy transfer [16]. We

will consider the cases of electric dipole-dipole and exchange interac-

tion. For the former type of interaction [17]

P = °'63 * 2 ° 2 8
 ft

 S A /fc(E)F (E)dE (3)
R6 4 J S S

ft
 S A /"6 4 J

In this expression R is the distance between two intrinsic uranate groups

in A, T<J is the radiative decay time of the uranate emission (= — ) in
pr

seconds and Q_ is the absorption cross-section for the transition within
D

2 — 1
the uranate group in cm eV . Q_ can be calculated from xo [16], E is

o o

the average value of the energy in the spectral overlap region in eV and

fg(E)Fg(E)dE is the overlap integral between the absorption and emis-

sion band of an intrinsic uranate group in eV . Especially the value of

this overlap integral is hard to determine. An estimation of this inte-

gral was made in the following way. The emission spectrum of an intrin-

sic uranate group was approximated by an electronic origin and a vibronic

band. The relative intensities and widths of the electronic origin and

the vibronic band were derived from the trap emission spectra. For the

absorption spectrum of an intrinsic uranate group the mirror image of

this artificial emission spectrum was taken. The overlap integral deter-

mined with these spectra appeared to be about 0.I eV .

The overlap integral for transfer from an intrinsic uranate group to a

trap can be determined in the same way. In this case the emission and

absorption band were shifted with respect to each other according to the
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trap depth A. The value of this integral appeared to be a little

higher than that for transfer between intrinsic uranate groups. This

supports the assumption made before, viz. that the energy transfer rate

is determined by the migration process. The values of P , calculated

with an overlap integral of 0.1 eV , have been tabulated in Table II.

In the case of exchange interaction P is given by:
JO

W

2
In this expression Z contains a factor exp(-2R/L). R is the distance

between two S ions and L is an effective average Bohr radius for the

excited and unexcited states of S. A typical value of P = 1 0 -10 ,

if R = A A and the overlap integral is 1/3 eV [16] . In Table II the

values of P are listed for the case in which L = 1 A and R is the

shortest U-U distance.

When the values of P and P are compared, it follows that
SS SS

P ^ P . In view of the estimating character of our calculations

p v (\\\ —]

the values of P are in satisfying agreement with those of x sugges-
SS H

ting that exchange interaction is responsible for the energy transfer

processes observed in uranates.

The values of D listed in Table II can be compared with those found

— *} — S 2—1
for other systems e.g. 10 -10 cm s for compounds like anthracene [18],

1O~7-1O~9 cm2s~1 for CaWO, and YV0, [14] and 10~9-10~'3 cm2s~'[l9] for

rare-earth compounds. The values for CaWO,, YV0, and the rare-earth com-

pounds are smaller than those found for the uranates. In the case of

CaWO^ and YVO^ this is due to a large Stokes shift as compared with the

Stokes shift of the uranate luminescence. The relatively low value in

the case of rare-earth compounds is most probably caused by the relati-
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vely weak interaction between the rare-earth ions.

In conclusion, the diffusion model yields diffusion coefficients for

energy migration in uranates, which are in reasonable agreement with the

diffusion coefficients in other classes of compounds.

\ 5-2 V6U0U

Because of the low quantum efficiency of the luminescence of Y.UO...

the undoped sample could not be investigated in detail. The Eu lumi-

nescence in (Y_ qQ^un Q-)A^O|o» however, has a somewhat higher efficiency.

In this compound the Eu ions act as traps for the excitation energy.

According to the diagram of fig.9, the temperature dependence of the

emission from a trap can be given by lnOr- - — ) = C- =-=• , in which C is

3+ °
a constant. In the case of the Eu emission in (Y- nnEu_ n.^UO,., A

U.yy U•U1 D 1/

is equal to the energy difference between the emitting Do level of the

Eu ion and the lowest electronic level of the intrinsic uranate group.

This energy difference can be derived from the spectra. The D_- F_

emission of the Eu ion occurs at 578.5 nm and the lowest electronic

transition within the intrinsic uranate group is situated at 530.6 nm.

These spectral data yield a value for A of 1560cm . From the data of

fig.6 a value of A can be derived, equal to 1440 cm . If we take the

experimental accuracy into account, the agreement between both values of

A is satisfactory.

3+
For Ba-CaUO,:Eu [l] there was a much greater difference between

those two values of A. The spectral value was 2500 cm , whereas the

3+ -1
temperature dependence of the Eu emission yielded a value of 400 cm

This difference was explained by assuming that detrapping did not occur

5 5 3+
from the D» but from the D. level of the Eu ion. This cannot be the

case for Y,U0._:Eu , because in this compound the D, level lies above
D I £. I
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the lowest electronic level of the intrinsic uranate group, the energy

difference between Dfi and Df being some 1800 cm

5.3 U4U05

The strong sensitivity of the emission spectrum for the firing and

]\ preserving atmosphere is most probably due to the hygroscopic character

of Li,U0,. [8], The fact that the line at 537.8 nm appears in the emis-

sion and the excitation spectrum means that the concentration of traps

; associated with this line must be rather high.

5.4 U2U04

The emission line in the luminescence spectra of LiJUO, which appears

upon uv excitation must be ascribed to a new trap which is formed in a

photochemical reaction. A similar phenomenon has also been observed in

anthracene [20]. Furthermore hexavalent uranium is well known for the

many photochemical reactions in which it can participate [21] . The measu-

rements with laser excitation also show that Li_U0, easily undergoes

photochemical reactions.

The occurence of the above mentioned phenomenon must be kept in mind

for the discussion of the temperature dependence of the luminescence (see

fig.8). The slight increase of the line at 544.8 nm is merely due to the

fact that during the measurements the sample is irradiated.

The lines at 545.4 and 546.2 nm are ascribed to two electronic transi-

tions within one trap. At low temperatures only the line at 546.2 nm is

observed. At higher temperatures the level, which is situated at higher i.

energies, becomes populated. This results in a decrease of the line at /j

546.2 and an increase of the line at 545.4 nm. At still higher tempera- -.•<
J

tures, when detrapping becomes important, the intensities of both lines

decrease simultaneously.
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•-> The intensity of the line at 548.3 nm increases up till some 30 K.

,i This is caused by the fact that the other traps get depleted below this

temperature. Above 30 K also the trap at 548.3 ntn is depleted, resulting

in a decrease of its emission intensity.
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CHAPTER IV

ANALYSIS OF THE LUMINESCENCE SPECTRA OF SOME URANATES

ABSTRACT

In this chapter the luminescence spectra of Y,UO]2, Li.UO., Li-UO,

and MgUO, are discussed. Emission and excitation spectra and the decay

time of the luminescence were measured at low temperatures (T < I OK).

The vibrational structure which is observed in the emission spectra

of the investigated uranates is analyzed. The electronic transitions

observed in the excitation spectra are assigned to charge transfer

transitions within the intrinsic uranate groups.
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1. INTRODUCTION

In the past few years the luminescence properties of uranate centres

in solids have been studied extensively in our laboratory [see e.g. 1-4].

The greater part of the investigations have been performed on oxides,

containing small amounts (< I mole %) of hexavalent uranium as a dopant.

The uranate luminescence of these diluted systems appears to be very

sensitive to crystal structure and chemical composition [see e.g. 1,2].

This manifests itself in the quenching temperature and the decay time

of the luminescence and in the vibrational structure, which is observed

in the luminescence spectra.

Recently, the excitation spectra of the luminescence of UO, groups

in various compounds have been analyzed [ 5]. The excitation bands were

assigned to different charge-transfer transitions within the uranate

groups. The assignments were based on experimental and theoretical work

on UF, [6,7,8], which is isoelectronic with the U0fi group.

In a previous paper [9] we reported on the energy transfer processes

in uranates. In these concentrated uranium compounds the luminescence

properties are determined by the occurrence of energy migration, even

at low temperatures. After excitation in the intrinsic uranate groups,

the energy migrates through the lattice till it is trapped at uranate

centres near defects (traps), which have slightly different energy levels.

It is from these traps that the luminescence originates.

In this work we will try to assign the features which are observed

in the luminescence spectra of these uranates to electronic and vibronic

transitions within the uranate groups. As far as the emission spectra

are concerned, attention will be paid mainly to the vibrational struc-

ture in these spectra. In the case of the excitation spectra we will

concentrate on the electronic transitions which arc involved in the
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excitation processes.

The investigated compounds are Ba.CaUO,, Y,UO,., Li.UO,., Li~UO. and

MgUO,. The luminescence properties of Ba.CaUO, and MgUO, have already

been reported in ref.10 and 11, respectively. For these compounds some

additional results are presented here.

In view of the crystal structures, which have been described

before [9,10], the luminescence spectra of the investigated uranates will

be discussed taking the uranate octahedron as a starting point. The

site symmetry of the U + ion is S, in Y,U0]2 [ 12] , C,, in Li,U05 [ 13] ,

C in Li^UO, [ 14] and C. in MgUO, [15]. The crystal structure of

Ba2CaU0, is not exactly known, but the site symmetry of the U ion in

this compound will be close to 0. .

In this chapter the assignments in the emission and excitation spec-

tra of the above-mentioned uranates are discussed.

2. EXPERIMENTAL

The preparation of the uranate powders has been described before

[9,10,11]. The set-up for the luminescence measurements has already

been described in ref.9. For the performance of the excitation spectra

over a wide spectral region (250 nm < X < 550 ran) a Perkin-Elmer MPF 2A

spectrofluorimeter was used. In this case low temperatures were ob-

tained by mounting the sample in an Oxford CF 100 continuous flow

He-cryostat. The excitation spectra were corrected for the lamp inten-

sity and the transmittance of the monochromator with the use of Lumogen

T-Rot GG as a standard [16]. The set-up for the decay measurements has

been described in ref.17. As an excitation source a Xe flash lamp with

a pulse width of a few microseconds was used.

The infrared spectra of Y,UO]2 and Li_U0, were measured on Csl disks.
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For the performance of the Raman spectra of Y.UO 9, Li.UO. and MgUO, the

samples were excited with the 488 nm line of an Ar laser. In the case

of Li-UO, the 647 nm line of a Kr laser was used.

3. RESULTS

The emission spectra of YfiUO ., Li.UO., Li_UO, and MgUO,, recorded

at low temperatures, are presented in figs 1-4. The features which have

been observed in these spectra have been tabulated in Tables I-IV.

The vibrational data, which were obtained by measuring the infrared

and Raman spectra of the uranates, are also listed in these tables.

The excitation spectra of the luminescence of Ba CaUO,,

^Y0 99Eu0 01^6UO'2 a n d L:"-4UO5' measured at 4.2 K, are shown in figs 5a-5c.

In the case of Y.UO.,, the uranate emission was so weak that it was not pos-
b \£

sible to measure an excitation spectrum. The uranate excitation spectrum

was obtained by monitoring the Eu luminescence of (Y q q
E u

n n )̂ .UO. ?. The

spectra which are presented in figs 5a-5c consist of several excitation bands,

some of which show vibrational structure. The positions of these diffe-

rent bands have been tabulated in Table V. For the structured bands

the position is indicated by the energy of the electronic origin. For

the broad unstructured bands the position is indicated by the energy of the

maximum of the band (see also ref.5). Note that for Y,UO,„ the electro-

nic origin of the first excitation band is split into two components.

In the case of Li.UO, and MgUO, the excitation spectrum consists

of a very broad band. This band extends from about 550 nm into the uv

region and shows some structure in the long wavelength part of the spec-

trum. The positions of the sharp lines which are observed in this spectral

region have been tabulated in Table VI.

For Li,U0_, Li_U0, and MgUO, the decay time of the emission was mea-
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iooF

1

530 545 560 575
Unm) —•

590 605

Fig. 1 Emission spectrum of YJLJO.,, recorded at 1.4 K. The excitation

wavelength is around 400 nm. For the explanation of the symbols

see Table I and text.

100-

535 550 565 580
\(nm)-

595 610

Fig.2 Emission spectrum of Li,UO,., recorded at 4.2 K. The excitation

wavelength is around 400 nm. For the explanation of the symbols

see Table II and text.
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100

545 560 605 620575 590
\(nm) —•

Fig.3 Emission spectrum of Li_UO,, recorded at 4.2 K. The excitation

wavelength is around 400 nm. For the explanation of the symbols

see Table III and text.

100-

555 570 615585 600
\(nm) -—

Fig.4 Emission spectrum of MgUO,, recorded at 8 K. The excitation

wavelength is aroud 400 nm. For the explanation of the symbols

see Table IV and text.

630
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Assignment of the vibrations! structure in the emission of YJJO,.

»<nnO*

531.2

532.6

534.6

538.6

540.2

542.0

543.9

545.6

549.5(br)

552.7

554.6

556.4

561.0

5M.0

564.6

566.5

568.3

576.2

580.2

5S4.8

60S. 5

4v(cnf')**

0

56

119

265

-,•313

c*256

c*320

c*378

c*508

a+732

b*738

c*733

d*735

0*1051

c*994

C*IO54

£•1110

a*147O

c+1471

d*!46O

C*2I9I

ass."*

a

b

c

d

c*v6

c*v4'

c*v3

a*v,

b*v.

c*v.

d+Vj

**VV4

c*v,*v4

c*v,*v4'

a*2v,

c*2.,

d+2v

c*3v,

vibr.freq.Ccm"')'

ir 230 m "j

ir 275 m L

ir 3IO(sh,w) J

R 33O(w>

ir 35O(s)

R 365<w)

ir 373<s)

ir 425(br,s)

ir 500<v)

R 500(u)

ir 530{s)

ir 580(s)

R 735(s)

ass ***

V6" U4

"Y-0"

U4'

"Y-O"

V3

V3'

"Y-O"

* br • broadt sb - shoulder, w - weak, m - medium and s • strong; R - observed in the Raman spectrum and

ir • observed in the infrared spectr^.n.

** The energy difference is given with respect to the electronic origin to which the vibronic £e*ture belongs;

see also text.

'*• "Y-o" denotes vibrations with mainly Y-O character. The symbols Vj, vJt v3', v^, v^', v refer to vibrations

with mainly U-0 character; the notation is analogous to tlu- noiuLion for an »ctahediM, comi>lo\; mw alto tvst.
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'•(nml

537.7

539.3

539.5

539.8

540.4

140.7

541.5

541.9

542.5

543.0

543.6

544.0

544.8

545.4

545.6

546.6

548.5

549.7

550.6

552.7

554.7

556.5

559.4

561.0

563.7

565.0

565.2

566.3

584.6

586.2

613.5

Mu"1)"

0

55

62

73

93

a* 103

131

144

lf.5

a»182

a+202

a.216

a*243

a»263

a+270

at 303

a+ Jf>A

a+406

Hlf,

a*5O5

a-570

a'62B

a*722

a»773

a*858

a*899

a+905

h»774

a+1492

a*1539

ass * M

a

b

c

d

«

F

P

h

a*v,

a»vx

a.3,x

vibr. frt-q. (cm )* as*. ' * *

» 215,-) . , V

ir 292 ^ I A ^ I

ir 333 W

R 345<w)

i r 430 - z ' ^ u '

R 435(u) J5(B2g'

R U0(.) ^ ( B ^ )

ir 590(s,br> v 8 ( f u J

R 72O(s) v,(A, )

* See Table I . The in f ra red da ta have been taken from Ohw<id.i \2I\.

** See Table [.

Ttu> assinnmtrnt of , •

' HVV t i 'Xt.

bL-«n taken fro.i nhunda I 31 | . ,-( dt-nocua n l a t t i r o v i b r a t i o n ; for Uu
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Assignment of che vibrational structure in the emission of Li.UO,

*(nm)*

544.8

b46.2

548.3

550.4

552.3

553.0

555.0

557.1

557.8

558.1

560.2

562.5

564.5

567.8

56R.Q

570.1

571.1

572.4

576.4

577.2

562.3

596(br)

0

47

117

b*l39

C*I32

b»225 I

b*29O J

c*288

b*380

c*387

b+530

c*523

b+696

b*730

b*767, c»697

C72O

c.760

C889

b»983

C*IO4B

b,c* * 1500

a s s . " *

a

b

c

c I

b«J-O, bend

c+U-Oj bend

b+U-On s t r

c+U-O__ s t r

b,c-MJ-Ot s t r

b,c+[/-0 str+

U-Oj bend

b,c+2U-0 s t r

vibr.freq.(cm )*

R 32.5(u)

R I73.3(«)

ir 250(s)

R 267.5 (v)

ir 285 (o)

ir 305 (m)

R 3IO(i.)

i r 32O(sh,m)

i r 34O(m)

i r 380(sh,s)

i r 405(m)

i r 425(m)

i r 500(br,s)

R 700(s) ~|

ir 730(s) I

ir 760(s) J

ass . '"

U-Oj bend

U-0, bend

U-OJJ str

U-0 scr

see Table I.

" see Table I.

'" bend - bending mode, .tr . .tretching mode. U-Oj refers to Che m o primary U-0 bond, and U-0 to the four

equatorial U-0 bonda. v. denotea a lattice vibration.
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Assignment uf the vibrational structure in the emission of HgUO,-

Mnml*

5,8.0

560.3

563.4

564.7

565.5

566.8

567.4

568.9

569.6

570.5

572.3

575.4

581. J

582.6

585.5(br>

590.9<br>

593.9(br)

608.2(1,1)

Avion ' )

0

73

172

.'12
)

.'37

278 !

1
297 J

34 1

365

39J

448

542

718

757

842

Q9P

1083

1479

a s s . ' "

a

a.v,

a+U-0 bend,

U-0 bend

,17-u, s t r

a+U-0. str+Vn

j a+U-0 str+U-Oj bend

1 a+U-Oj str+U-Ojj beno

a*2M-O^ s t r

i r

i r

R

i r

ir

R

R

i r

i r

R

R

»97(w)

24b(v)

28O(w)

2B5(«)

35O(w)

360(w)

ilO(w)

4|5(br,tnl ;

53O(br,s) I

53O(ra) J

725<s) ~)

75O(s> J

ass.***

U-0 bend

U-Oj bend

U-0 bend

U-On s t r

U-O_ s t r

• See Table 1.

*** See Table 111. The infrared data have been taken from Ohwada [21).
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100

50

100

250

Ba 2CaUO 6

T = 4.2 K

350 450
X(nm)—••

550

Fig.5 Excitation spectra of the green uranate luminescence of Ba.CaUO,
I o

and Li.UO-, recorded at 4.2 K. In the case of YgUO.- the excitation

spectrum was obtained by monitoring the Eu luminescence of

(Y» O Q E U O 01^6^12' ^ denotes the relative quantum output in

arbitrary units.
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Assignments of the electronic transitions observed in the excitation spectra of some uranates

ass ignment**

12Y_ -U-(7 (MD)

1 1"Y<, «lOy, **U(5f)(ED)8g og •(

l2ySu-«U<6d)(ED)

NaFiU"

ECeV)

2.24

2.72

3.10

3.5-5.5

X(«)

508.0

-380

-280

c,uo6

E(eV)

2.46

- 3 . 3

- 4 . 5

V°,2

Unm) E(eV>

530.6
)2.36

529.7

1-440 - 2 . 9

-370 - 3 . 4

-280 - 4 . 5

U 4 U O 5

i(nm) E(oV)

533.4
12.34

531.8

416.0 2.80

-380 -3 .3

-310 ~4.0 ;

* The assignments of the electronic transitions which have been observed in the excitation and absorption spectrum of

NaF:U have been discussed in ref.5.

** The orbitals denoted with I2Y_ , 1iyo and 10y. are orbitals with mainly O(2p) character. The orbitals denoted
Ou Bg bg

with <iY7 t '3Yo and 5>- are orbitals with mainly U(5f) character. Transitions derated with MD are magnetic-dipole

allowed in 0'; transitions denoted with ED are electric-dipole allowed in 0!.

TABLE VI

Electronic transitions in the long-wavelength part of the excitation

spectra of Li UO, and MgUO,.

X(nm)

537.7

537.5

536.8

528.4

0

7

31

327

MgU(

X(nm)

551.6

550.3

546.3

Av(cm~ )

0

43

176
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sured at 4.2 K. The decay curves did not show a single-exponential

behaviour. The decay times derived from the tail of the decay curves

were 350 us for Li.UO,., 130 ys for Li-UO, and 100 ps for MgUO,. The

decay time of the emission of Y,U0,_ could not be measured because of

the low emission intensity.

4. DISCUSSION

4.1 Ge.neA.al diAcuA&ion

In ref.9 it has been argued that the luminescence of the investigated

uranates originates from uranate centres near defects (traps). For this

reason the vibrational structure which is observed in the emission spectra

does not neccesarily correspond to the vibrations of the intrinsic uranate

groups. To determine to which trap a certain vibronic feature belonged,

use was made of the temperature dependence of the luminescence (see also

ref.9). The assignments of the vibrational structure in the emission

spectra of the uranates will be discussed in sections 4.2-4.4.

The decay curves of the emission of the uranates are not single-expo-

nential, because they are a superposition of the decay curves of diffe-

rent traps. The decay times which are derived from the tails of

the decay curves belong to traps which are not yet being emptied

at 4.2K. This means that these decay times can be regarded as radia-

tive ones.

The bands which are observed in the excitation spectra of the ura-

nates are ascribed to charge-transfer transitions within the intrinsic

uranate groups. The spectra of Ba.CaUO,, Y^UO^ and Li^UO,. are very

similar to those observed for uranate groups in NaF, BaoMgW0, and

z b
SroMgW0 [ 5] . The assignments of the electronic transitions in the exci-

<- 6

tation spectra of Ba.CaUO,, Y,UO];J and Li.UO,- are presented in Table V,
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These assignments are based on the assignments made for the UO, group

in NaF:U, which have also been included in Table V. The deviation from

0 symmetry is neglected here. The influence of symmetry lowering on

the excitation spectra of Y.UO,. and Li.UO, will be discussed in sec-
b 1Z H D

tions 4.2 and 4.3, respectively.

It has already been mentioned that the excitation spectra of the

luminescence of Li^UO, and MgUO, are quite different from those observed

for the other uranates. That no distinct bands are found for these

compounds may be due to the fact that the U ions in Li.UO, and MgUO,

do not occupy a site with inversion symmetry. This results in a removal

of the forbidden electric dipole (ED) character of part of the transi-

tions and in a removal of the degeneracy of some of the excited states.

This could give rise to many transitions with about equal intensity. The

observed broad band could be due to a superposition of all these transi-

tions.

The vibrational structure which has been observed in the excitation

spectra of the investigated uranates has not been analyzed. For several

reasons it was not possible to make unique assignments in these spectra.

First of all the Xe lamp shows many lines in the spectral region where

vibrational structure is observed. Furthermore an analysis of vibra-

tional structure in the excitation spectra is difficult, because of the

possibility of many different electronic transitions (see e.g. Table V

and ref. 18)'.

In the following sections the luminescence spectra of Y-UO.j, Li.UO,-,

LijUO, and MgUO, will be examined in some more detail.

4.2 V6£i0JZ

An analysis of the'emission spectrum of Y,UO „ is presented in
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Table I. Each of the sharp lines in this spectrum (lines a, b, c and d

in Table I) is ascribed to the electronic origin of the lowest transi-

tion within a certain trap. From Table I it appears that these elec-

tronic origins couple mainly with the ungerade vibrations (v,, v,, v~)

of the UO, group. A progression is observed in the totally symmetric

U-0 stretching mode of 735 cm . The assignments of the observed vibra-

tional frequencies have been made by comparing the vibrational data of

Y,UO,. with those of Y.O. [ !9] and BaoCaU0, [201. The structure of Y 0 is

closely related to that of Y.UO,.; Ba.CaUO, contains isolated UO, octa-
O IL Z D O

hedra like Y.UO „. The notation of the vibrations with mainly U-0
b 11

character is analogous to the notation of the vibrational modes of an

octahedral complex. Because of the S, symmetry of the uranate groups in

Y,UO „ the T. (v, and v.) and T_ (v = ) modes are split into two compo-

nents: T, -*• A +E and Tn •* E +A .

lu u u 2g g g

The vibrational structure in the emission of Y,U0.o can be described
b 11-

using the vibrations of the intrinsic uranate groups. This indicates

that the traps are not very different from the intrinsic uranate groups.

In the previous section we have seen that the lowest electronic

transition within Y,UO._ is assigned to a 12yg •*• 4y7 transition. In

0. symmetry this transition gives rise to three excited states with sym-

metry designations E , T. and T, . Transitions from the A ground

state to each of these excited states are electric-dipole (ED) forbidden.

The A. •* T. transition is magnetic-dipole (MD) allowed. Luminescence

measurements on octahedral uranate groups in tungstates with the ordered

perovskite structure show that the emission transition is a MD allowed

transition [ 4]. This indicates that the T, state is the lowest excited

state. In Y,U0 „ the uranate groups have S, symmetry. The T. excited

state will, therefore, split into E and A . The transitions from the A

g g g



70

groundstate to both the A and E excited states are MD allowed.
g g

From the excitation spectrum of Y.UO.. it appears that the electro-

nic origin of the first excited state is split into two components with

an energy difference of 32 cm . It seems most probable that these two

lines are due to transitions from the ground state (A ) to the A and

g g
E components of the octahedral T state.

4.3 U4U05

The emission spectrum of Li.UO,. looks rather complicated. First of

all a large number of traps is observed (lines a-h in Table II). Further-

more a progression is observed in a vibrational mode with a frequency of

770 cm (V ). This vibration occurs neither in the infrared nor in

the Raman spectrum of Li.UO . Ohwada [21]has made a normal-coordinate

analysis of the vibrations of Li.UO,. by assuming a simple chain struc-

ture model, viz. [UO,.]^ . The notation of the vibrational modes in

Table II has been taken from Ohwada's work. A comparison of the vibro-

nic features with the observed vibrational modes shows that these do

not agree very well with each other. This suggests that the traps in

TheLi,U0_ are rather different from the intrinsic uranate groups,

observed progression (770 cm ) could be due to the fact that the traps

are uranate groups at the end of a chain, which would show a higher

U-OJJ. stretching frequency. The long value of the decay time (x=350 ys)

indicates that for the traps the electronic transition in emission is

not ED but MD allowed.

The excitation spectrum of the luminescence of Li.UO, shows two

structured bands. The electronic origin of the first band is split in-

to two components with an energy difference of 56 cm . In Li.UO, the

U ion occupies a site with C , symmetry. In C,. the octahedral exci-
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ted states, associated with the 12Yo "* ̂ Y7 transition, will split as

follows: E -»• A +B , To •+ B +E and T. -> A +E . The transitions fromg g g ' 2 g g g lg g g

the A ground state to the E and A excited states are MD allowed.

The two lines in the first excitation band are ascribed to MD allowed

transitions from the groundstate to the A and E components of the

octahedral T, state.

4.4 U£U04 and

The emission and excitation spectra of Li.UO, and MgUO, are very

similar to each other. In both compounds the uranate groups can be re-

garded as uranyl groups (U-O-) with four equatorial oxygen ions (U-Oj.).

The assignments in the emission spectra of Li.UO, and MgUO, are presen-

ted in Table III and IV, respectively. The lines denoted with a and

a-c, respectively, are ascribed to electronic origins of transitions

within different traps. In MgUO, only one trap is observed because the

spectrum was recorded at 8 K. At this temperature the other traps

which show luminescence at 4.2K, have already been emptied. The vibro-

nic features can be reasonably well described with the vibrational

modes of the intrinsic uranate groups. For both compounds it was not

possible to determine in which U-0T stretching mode(s) the progression

occurred.

Ohwada [ 22,23] has assigned the features in the infrared spectra

of Li-UO, and MgUO, to the vibrational modes of a [UO,JTO layer and a

^" chain, respectively. His assignments were based on a normal-

coordinate analysis of the above mentioned structure models. We have -*\

measured both the infrared and Raman spectrum of one of these comounds, '•"•%
• V

viz. of Li~UO,, and found more vibrational bands than allowed by the simple 'f'<|.

model of Ohwada. For this reason his assignments have not been taken over. ?
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Some of the vibrational frequencies of Li_UO, and MgUO, have been

assigned to U-Oj and U-OJ-J. vibrations (see tables III and IV).

The sharp features which are observed in the excitation spectra of

both compounds (Table VI) are ascribed to electronic origins of transi-

tions within the intrinsic uranate groups. These groups have C~_ sym-

metry in MgUO and C symmetry in Li.UO,. The splitting of the T.

excited state is T, -»• An+B.+B« in the case of MgUO. and T, -*• A'+2A"
Ig 2 1 2 4 Ig

for Li-UO,. The transitions to the B and B, states in MgUO, are ED as

well as MD allowed, whereas the transition to the A. state is only MD

allowed. In the case of Li.UO, all transitions are both ED and MD allo-

l 4

wed.

The lines at 551.6 and 550.3 nm, which are observed in the excita-

tion spectrum of MgUO,, are ascribed to transitions from the ground state
to the B, and B. states of the octahedral T. state. The line at

1 2 lg

546.3 nm is tentatively ascribed to a transition from the ground state

to one of the states with T or E parentage.

In the case of Li2UO, the lines at 537.7, 537.5 and 536.8 nm are

ascribed to transitions from the ground state to the A' and A" states of

the octahedral T state. The line at 528.4 is ascribed to a transition

from the ground state to one of the components of the octahedral T.

or E states,
g

The short radiative decay time of the luminescence of MgUO, and

Li_UO, (Xs* 100 ps) as compared to that of the other uranates (x «* 300 us)

is in agreement with the ED character of the electronic transitions in

MgUO, and Li2UO,.
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CHAPTER V

ENERGY TRANSFER PROCESSES IN Cs2UO2Br4 CRYSTALS

ABSTRACT

The energy transfer processes in Cs2UC>2Br, have been investigated.

The emission and excitation spectra as well as the quantum efficiency

and the decay of the luminescence were measured between 1.5 and 25 K

with the use of selective excitation techniques.

The results show that luminescence of Cs2UC>2Br, at low temperatures

originates mainly from traps. For the trap with the dominant emission

the concentration is determined to be about 100 ppm.

On the basis of the experimental results possible models for the energy

transfer in CsoU0oBr. are discussed.2 2 4

Finally, the energy transfer processes in Cs2U02Br, are compared with

those in uranates and CSjTO^Cli.
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1. INTRODUCTION

In the course of our study of the luminescence properties of uranates

we have found that the luminescence of these compounds (e.g. Ba.CaUO, [ I] ,

MgUO, [2] and some other compounds [3,4]) is strongly influenced by the

occurrence of rapid energy migration through the lattice. As a conse-

quence of this, luminescence is only observed at low temperatures (T < 25 K)

and originates from uranate centres near defects (traps). At higher tem-

peratures the traps get emptied and most of the excitation energy is then

trapped at killer sites. This results in quenching of the luminescence

intensity. Furthermore, the quantum efficiency of the luminescence (q)

at low temperatures varies from compound to compound. The quantum efficiency

depends on the concentration ratio of killers to traps. It has been found

that the killers are most probably U ions [ 3]. Because of the absence

of intrinsic uranate luminescence in the above-mentioned compounds they

are not very suitable to get detailed information about the energy trans-

fer rate and the energy transfer mechanism.

Uranyl compounds, on the other hand, do show both trap and intrinsic

luminescence [5,6]. An example is CS2UO.Br,. Although the luminescence

properties of Cs-UO^Br, have been investigated before [6], the energy

transfer processes in this compound have not been studied. We, therefore,

decided to investigate the luminescence of CSjUO.Br, in order to get a

better understanding of the energy transfer mechanism in this compound

and to compare the results with those found for the uranates.

The crystal structure of CSjUO-Br is known [ 7]. The space group is

P2j/c with two molecules in the unit cell. The uranium ions occupy sites

2-
with C. symmetry. The crystal structure contains planes (be) of UO.Br,

groups. In these planes each uranium ion has 4 nearest uranium neighbours

at 5.85 A and 2 additional ones at 6.39 A. The shortest U-U distance
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between the planes amounts to 9.9 A. It is likely that, as far as energy

migration is concerned, this system will behave two-dimensionally, because

the energy transfer rate decreases rapidly with distance.

The energy transfer processes in Cs^UO-Br, were studied by measu-

ring, among others, the luminescence spectra and decay curves of the

intrinsic and trap centres with the use of selective excitation techniques.

The greater part of the measurements ..ere performed in the temperature

region between 1.5 and 25 K. In this chapter we report on the results

of the above-mentioned experiments on single crystals of Cs-UO-Br,.

2. EXPERIMENTAL

Single crystals of Cs_UO,Br, were grown according to the method des-

cribed by Wong et al. [5]. The crystals were of good optical quality

3
with typical dimensions of 3X3X2 mm .

For the optical measurements at 4.2 K the crystals were immersed in

liquid helium in an optical cryostat (Thor cryogenics). For measurements

below 4.2 K the helium was pumped off. In order to obtain temperatures

above 4.2 K heated helium gas was used. In the region above 4.2 K the

temperature was measured with a Ge resistor. Temperatures below 4.2 K

were determined by measuring the helium vapour pressure.

The optical set-up consisted of a tunable dye-laser (Molectron DL 200)

pumped with a nitrogen laser (Molectron UV 14). The laser generated

a pulse having a peak power of 30 kW and a pulse width of about 10 ns.

The repetition frequency was about 30 H2. The following dyes were used:

coumarin 481, coumarin 485 and coumarin 500 (Exciton). The exci-

tation intensity was varied with the use of grey filters (Balzers). The

emission was analyzed with a Spex 1704 X one meter monochromator and

detected with a photomultiplier (RCA C31034, cooled to -30°C). For the
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measurement of the emission and excitation spectra the photomultiplier

signal was amplified with a Philips PM 2436 microvoltmeter (in the current

meter mode) or a Keithley 616 digital electrometer. The decay curves

were measured using a PAR model 162 boxcar averager together with a

PAR 164 or 165 gated integrator. The quantum efficiencies were deter-

mined with the use of Luntogen T rot GG (BASF) as a standard [ 8] .

3. RESULTS

3.1 EnuAAA.on and zx.CAXati.on

At 4.2 K Cs-UO.Br, shows a yellow photoluminescence with a high

quantum efficiency (q "" 90%). When the temperature is raised the quantum

efficiency decreases; q is about 10Z at 25 K and less than i% at room

temperature.

100

<n

c

500 550
Mnm)-

600

Fig.l Emission spectrum of Cs UO-Br,, recorded at 5 K with low resolution.

The excitation wavelength is around 400 nm.
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The emission spectrum of Cs.UO.Br,, recorded at 5 K with low reso-

lution, is shown in fig.l. The spectrum, recorded with high resolution,

has been analyzed by Wong et al. I 5] and contains a number of different

electronic origins. Next to each electronic origin there are vibronic

origins due to coupling with the uranyl bending (v, = 250 cm ) or asym-

-1 2-

metric stretching (v = 920 cm ) mode of the UO.Br. complex. All of

these origins show a progression in the uranyl symmetric stretching mode

(V = 835 cm" 1).

In fig.2 we present parts of the emission spectra, recorded at 1.5,

4.2 and 7.3 K upon excitation in the intrinsic uranyl centres. The posi-

tion of the lines and their assignments are listed in Table I. In agree-

ment with ref.5 the lines at 508.38 and 508.59 nm are ascribed to elec-

tronic origins of the intrinsic uranyl groups, whereas the other lines

between 508 and 510 nm are ascribed to electronic origins of uranyl groups

near defects (traps). The temperature dependence of the emission spectrum

shows that the line at 509.48 nm appears between 1.5 and 4.2 K. At

higher temperatures the intensity of this line decreases in the same

way as that of the line at 509.63 nm. These lines are, therefore

ascribed to two electronic origins of the same trap, in contrast with

the assignment made by Wong et al.

The excitation spectra of both the intrinsic and trap 4 emission

were recorded at 4.2 K. The two spectra are identical except for a

number of lines which are only observed when the emission of trap 4 is

monitored. The lines are for the greater part ascribed to transitions

within trap 4 itself. The long -wavelength part of the excitation spec-

trum of the emission of trap 4 is shown in fig,3. The lines denoted

with i coincide with the electronic origins of the intrinsic emission and

the lines denoted by 4 coincide with the electronic origins of the trap
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100

50

0
100

5O"
I

100

50

x10

x3

. ~L^I

T=1.5K

x3

T=4.2K

x 1 0

T = 7.3K

x3

508 509 510 531
X (nm) •

532 533

Fig.2 Parts of the emission spectra of Cs2U02
Br4> r e c o r d e d a t various tempe-

ratures with high resolution. Excitation takes place in the intrinsic

uranyl centres. See also Table I.
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TABLE I

Electronic origins and their repetition iu V

in the emission spectra of CSjUO^Br,

X(nm)

508.38

508.59

508.80

509.02

509.24

509.48

509.63

530.90

531.14

531.21

531.41

531.82

531.89

532.20

532.37

X(nm)*

508.36

508.59

508.81

509.22

509.48

509.62

530.89

531.14

531.21

531.41

531.85

531.92

532,23

532.40

A(cm V '

-8

0

8

17

25

34

40

0-0'(i)+834

0-0(i)+835

0-0(i)+837

0-0(l)+836

0-0(3)+834

0-0(3)+836

0-0'(4)+838

0-0(4)+838

' assignment***

0-0'(i)

0-0(i)

0-0(1)

0-0(2)

0-0(3)

0-0'(4)

0-0(4)

0-0'(i)+v

0-0(i)+vc,

0-0(1 )+v
S

0-0(3)+Vn

0-0'(4)+v

0-0(4)+v
s

Features observed by Wong et al. [ 5].

** The wavelengths of the first column have been used to determine A.

*** i = intrinsic, 1 = trap 1 , 2 = trap 2, 3 = trap 3, 4 = trap 4 and v
s

denotes the uranyl- symmetric stretching mode.
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100

c

510.0 509.0 508.0

Fig.3 The long-wavelength part of the excitation spectrum of the trap 4

emission, recorded at 4.2 K.

4 emission. The vibrational structure in the excitation spectrum of the

intrinsic emission looks rather complicated. This is, among others,

caused by the fact that many of the vibronic lines are split. This

splitting is observed, for example, for the following features: O-O(i)+V ,

s
O-O'(i)+v (v « 660 cm" 1), 0-0(i)+V and0-0'(i)+V (v =»72Ocm~ I).

s s as as as

3.2 TempeAatwie. dependence ofa the. hmlntucznaz intensity and dzcay

From the spectra of fig.2 it can be seen that the ratio of intrinsic

to trap emission decreases between 1.5 and 4.2 K. At higher temperatures



85

the emission patterns of the traps disappear one by one in the following

sequence: trap 1, 2, 3, 4.

The temperature dependence of the ratio of the total trap 4 to intrin-

h
sic emission (—), after excitation in the intrinsic centres, was deter-

mined between 1.5 and 15 K (see fig.4). This was done in the following

way. — was determined at 4.2 K by comparing the total emission intensity

i
of trap 4 with that of the intrinsic centres and appeared to be 3.5. At
the same temperature the ratio between 1(532.20+532.37 nm) and

w
1(530.90+531.14+531.21 nm)., i.e. —r^-u is 8.7. This means that

h W * s W— = 0.4 x - , .. The temperature dependence of _. , t was measured and
i i s; I V s

multiplied by 0.4 in order to obtain — .

The decay curves of the intrinsic and trap 4 emission were measured at

several excitation wavelengths and temperatures. The emission intensities

of the other traps were so low that it was not possible to measure their

decay curves with good time resolution (trap 3 could be measured at T < 4.2 K).

VI
n H

10
TOO-

Fig.4 Temperature dependence of the intensity ratio between trap 4 and intrin-

sic emission after excitation in the intrinsic uranyl centres.
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is a marked difference between the time-development of the intrin-

sic and the trap 4 emission. A representative example is given in fig.5.

After excitation in the intrinsic centres the intrinsic emission decays

fast at short times after the excitation pulse and slower at longer times.

The decay curve of the trap emission shows a build-up region which is

about equal to the fast decay region of the intrinsic emission. At low

temperatures (T < 5 K) the trap decays with a decay time which is larger

than the slow component of the intrinsic decay at the same temperature

(T = 760 ys at T < 5 K). At higher temperatures, above 5 K, the decay

time of the trap 4 emission is equal to the slow component of the intrin-

sic decay. The decay curves of the trap 4 emission did not show a build-

100

I
50

0)

T=2.55K

trap 4 emission

Urns) — •

Fig.'5 Time dependence of the intrinsic and trap 4 emission after excitation in

the intrinsic centres.
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100

if)

I
1

10-

intrinsic emission

0.5
Urns)

1.5

Fig.6 Decay curves of the intrinsic emission at several temperatures. Exci-

tation takes place in the intrinsic uranyl centres.

up when excitation took place in the trap itself. The decay curves of

the intrinsic and trap 4 emission, measured at several temperatures

between 1.5 and 25 K, are shown in fig.6 and fig.7, respectively.

In contrast with the results of luminescence experiments on

Cs-UO-Cl, [9] it should be mentioned that the decay curves did not show

any dependence on the excitation intensity.
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100

T=2.55K
T=4.2K

trap 4 emission

-T=5.2K

0.5 1.0
t(ms)-

1.5

Fig.7 Decay curves of the emission of trap 4 at several temperatures. Excita-

tion takes place in the intrinsic uranyl centres. Because of the decrease

in intensity of trap 4 with increasing temperature, it was not possible

to measure the decay curves at higher temperatures.

4. DISCUSSION

4.1 EHRM-UM and nxcJjtation

The features which were observed in the emission spectrum of

Cs.UO.Br,, measured with high resolution, are the same as those found by

Wong et al. [ 5], except for one extra trap at 509.02 nm, which was not

observed by them.

As has been mentioned in section 3.1 the excitation spectrum of

Cs2UO2Br, looks rather complicated. By comparing this excitation spectrum

with the absorption spectrum of Cs.UCLCl, , measured by Denning et al [10],

some of the vibronic features can be assigned (e.g. 0-0(i)+v, , 0-0'(i)+v, ,
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0-O(i)+v , O-O'(i)+v , O-O(i)+V and 0-O'(i)+v ) . The sp l i t t ing of the
S S 3S 3.S

electronic origin in 0-0 and 0-0' is tentatively ascribed to the low

site symmetry in analogy with a similar situation in Cs«U0?Cl, [ 10].

Because of the fact that many of the vibronic features are split and no

polarization data are available, it is not possible to give a detailed

analysis of the excitation spectrum. The splitting of the vibronic lines

is probably due to Davydov splitting of the vibrational modes, which is

also observed in the vibrational spectra [II]. In view of the crystal

structure such a splitting is not expected in Cs.UOpCl, and is indeed not

observed there [ 10,12]. The nature of the two lines next to the 0-0(i) and

0-0'(i) lines (see fig.3) is not clear, but it is possible that these

lines are due to Davydov splitting of the electronic levels (the splitting

is about 4 cm ).

From the intensity ratio between the trap 4 and intrinsic lines in

fig.3 (lines denoted with 4 and i, respectively) it seems that the trap 4

concentration amounts to a few mole per cent. It should be noted, however,

that it is misleading to use this ratio to estimate the concentration of

trap 4, because the ratio between the respective electronic origins does

not represent the ratio between the total intensity of trap 4 and the

intrinsic centres. Furthermore, the intensities in the excitation

spectrum are influenced by the fact that the excitation intensity is not

the same throughout the crystal. Wong et al. [5] have estimated the trap

concentration to be less than 1% from the fact that no absorption due to

the traps has been observed.

4.2 EneAgy tnaru&eA phenomena

4.2.1 General

The luminescence experiments on Cs.UCLBr, show that in this compound
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energy transfer occurs from the intrinsic centres to the traps. This means

that the decay of the intrinsic centres is given by N.(t) = exp(-p t).$(t),

where exp(-p t) describes the radiative decay of the intrinsic centres and

$(t) the decay due to the energy transfer process. Nonradiative decay of

the intrinsic centres to the ground state is not taken into account, since

this process can be neglected in the temperature region under consideration.

The energy transfer process ($(t)) in Cs UCLBr, can be described with a

model in which transfer to traps or killers occurs via excitation energy

migration (exciton diffusion) through the lattice and subsequent trapping

at a trap or killer site. For this process two cases will be distinguished

here [see also 13-16]:

a. trapping-limited energy transfer.

This is the case in which the transfer rate between intrinsic centres

is larger than the trapping rate (the trapping process is the single-

step transfer from an intrinsic centre to a trap or a killer). The

transfer rate is then limited by the trapping process and $(t) is given

by exp(- Z n w - Z. n w ) , where w and w_ are the trapping rates
£̂ - tr tr Q y x tr v

for a specific trap and killer, respectively, and n and n_ are their

relative concentrations. This means that, after excitation in the

intrinsic centres, these centres will decay exponentially with a rate

equal to P +E n w + £ n w (see also ref.14). Examples of this
r (-r tr tr Q x l-

trapping limited energy transfer are, for example, found in organic

systems (e.g. 1, 2, 4, 5 tetrachlorobenzene [I5l).

b. diffusion-limited energy transfer.

In this case the transfer rate between intrinsic centres is smaller

than the trapping rate. In a three-dimensional system the decay of the

intrinsic centres becomes exponential for a certain time after the exci-
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tation pulse; $(t) is then given by expl - 4irD(c R + c0R_)t] , where D

is the diffusion coefficient for migration, c and c- are the trap and

killer concentrations, respectively, and R and R. are the trapping

radii for traps and killers. The time at which the decay becomes expo-

nential depends on the trap concentration and the energy transfer rate

between the intrinsic centres [13,17]. However, in two dimensions the

intrinsic decay will be non-exponential for all times after the exci-

tation pulse [14,18]; $(t) behaves as [4rrD(n R + n R )t] for

t •* °> I 14] . The diffusion limited process is found, for example, in

rare earth compounds [13,16].

The luminescence of Cs2UO_Br, can be described with the scheme shown in

fig.8. For simplicity we consider only one kind of trap (tr) and killer (0).

Furthermore only one electronic level is taken into account for both the

—

•0

fX

P r

t

A

_1.

0*

atrktr5

0i

]k'trexp(-A/kT)

i_trap

P'r

0>

|nQ kQ

_| killer

T

intrinsic
uranyl
groups

Fig.8 Energy level scheme for the luminescence and energy transfer processes

in Cs2U02Br,.
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intrinsic centres and the traps. The exciton band width is neglected

compared to the trap depth A. p and p' denote the radiative decay rates

for the intrinsic uranyl centres and the traps, respectively. The net

rates of energy transfer to traps and killers are denoted by n k and

n k_. In these rates the relative concentrations of traps (n ) and

killers (n_) are taken into account explicitly. From a trap back transfer

can occur with a rate k' exp(-A/kT), whereas from a killer, which is a

centre where the excitation energy is lost nonradiatively, no back transfer

occurs. The time dependence of the populations of the intrinsic and trap

levels, after a 6-pulse excitation, can be described with the following

rate equations:

(1)

dN
L l i _ 1, XT _ / I , t n , . _

For a two-dimensional system k and k are only independent of time in

the fast-diffusion trapping-limited case. In this case ktr
=k£r

=w
tr»

k =w- and the solutions of equation (1) are:

N.(t) = A.exp(m+t)+B.exp(m_t)

(2)

N t r ( t ) = Atrexp(m+t)+Btrexp(m_t)

with m± = -Hn t rw t r+nQw +wtrexp(-A/kT)+pr+p^)± [|(ntrwtr+nQwQ+wtrexp(-A/kT)+

2 2 i
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m+ + w t r
e x P ( A / k T ) + P r A

and A. = tr
1 n w

tr tr

m_ + w exp(A/kD+p^
B. = tr

ntrwtr

For excitation in the intrinsic levels we have N.(t=0)=N.(0) and

Ntr(t=0)=0, which yields Aj+B^N^O) and Atr=-B ^.

Using these boundary conditions for t=0, the ratio between the inte-

grated luminescence intensities of the intrinsic and trap emission

is found to be:

li = - ^ exp(-A/kT) + ̂ - (3)
tr pr tr "tr tr

A.2.2 Energy transfer in Cs.UO.Br,

At 4.2 K more than 75% of the intrinsic excitation energy is trans-

ferred to traps. The high quantum efficiency at 4.2 K indicates that

n k +p > n_k . From the fact that the intensity ratio between the total

trap and intrinsic emission increases between 1.5 K and 4.2 K (see fig-2)

it can be concluded that the energy transfer rate is temperature dependent.

Because of the small values of the trap depths (8 cm < A < 40 cm )

it is likely that back transfer will occur in the temperature region under

consideration. This means that the non-exponential behaviour of the intrin-

sic decay can be due to either a trapping-limited process or to a diffu-

sion-limited process. In view of the crystal structure of Cs.UO_Br, the

latter process will be two-dimensional and the decay of the intrinsic

emission will, therefore, be non-exponential, even when no back transfer

occurs. We will first use the trapping-limited model to describe the

observed phenomena, because for this model the solutions of equations (1)
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are rather simple, viz. expressions (2). On account of the results ob-

tained with this model, its validity will be discussed and a comparison

will be made with the results obtained with the diffusion-limited model.

In the trapping-limited case the intensity data of fig.4 can be des-

cribed with equation (3). At low temperatures where detrapping does not
I. p
I r

yet occur, — = . The intensity ratio just before detrapping
4 tttr I.

occurs is denoted with -i(T_) and amounts to 0.2. In fig.9

l n [ — ( T ) - — (T-)] has been plotted versus ^. Neglecting the temperature

dependence of w^ between 5 and 15 K, we obtain from this plot a value of

A = 46 cm and n =100 ppm. For the radiative rates we have used

HH

c

Fig.9 Temperature dependence of the ratio between intrinsic and trap 4 emission
I. 1. 2

plotted as l n [ — (T) - -=-CXQ)] vs. -^-, after excitation in the intrinsic

uranyl centres.
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p = 750 s and p' = 1300 s . The value of p1 was derived from the

decay of the trap emission at T < 5 K. The value of p was taken to be

750 s , because this is the slowest radiative decay found for the traps

by Wong et al. [5] and ourselves. The value of w (To) can also be deter-

mined with equation (3) . With the above-mentioned values of •=—(T-) , n
L4 u t

and Pr we get w t r(T 0) = 3.7xl0
7s~'.

tr

The value of A, found from fig.9, differs from the spectral value of

A, which is 40 cm . This may be due to the temperature dependence of

w , experimental errors and to the fact that we have not taken into

account the electronic levels (0-0'(i) and 0-0'(4)) just above the lowest

electronic levels (0-0(i) and 0-0(4)) of the intrinsic centres and trap 4,

respectively. If a value of A = 40 cm is used in eq.(3), we obtain

n = 290 ppm and w = 1.3x10 s . We consider the values, found for
tr r r tr

n and w (^0), as reliable order-of-magnitude values.

The decay curves of both the intrinsic and trap 4 emission can be des-

cribed with two exponentials at all temperatures. Because of the fact that

the shallowest trap has a trap depth of 8 cm , it is possible that detrap-

ping occurs even at 1.65 K.

Some of the decay curves of the intrinsic and trap 4 emission were

fitted with expression (2). In Table II the experimental and calculated

values of m , m , A. and B. have been tabulated together with the parameters

used in the calculations. The values of p r and p' were discussed above. For

A we took the spectral value. For the fit at 1.65 K the transfer rates to the

traps which are not yet emptied (i.e. traps 2, 3, 4) are included in

£ HQWQ- For the temperature region where only trap 4 is effective the

value of n is taken to be 290 ppm, i.e. the value derived from the

intensity data with A = 40 cm .

From Table II it can be seen that the agreement between the experi-
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TABLE II

Experimental and calculated (eq.2) decay rates for Cs-UO-Br,

,exp

i
calc

•calc

exp

calc

exp

I calc

exp
i

calc

-m

2

2

2

2

2

2

6

5

*

•<""'>

.OxlO3

.ixlO3

.5xlO3

.6xlO3

.9xlO3

.ExlO3

.3xlO3

.6xlO3

lxlO4

7xlO3

-m

5.

5.

I.

1.

1.

1.

3.

3.

as

.(•-)

9xlO3

6xlO3

3xlO4

7xlO4

7x104

7xlO4

6xlO4

6xlO4

5x104

2xlO6

A.
l

B7

0.8

0.8

0.2

0.2

0.5

2.4

W 9

300

TOO

1.65

6.5

6.6

8.4

23.7

A(cm

8

40

40

40

40

2

2

2

2

ntr

5xlO"4

.9xlO~4

.9xlO~4

.9xlO~4

.9xlO"4

"'

2

2

2

2

2

r(s )

.6xlO6

.6xlO7

.6xlO7

.6xlO7

.6xlO7

nQwQ(s )

2000

6400

6400

6400

6400

* i = decay rates of the intrinsic emission.

4 = decay rates of the trap 4 emission.

exp = experimental values,

calc = values calculated with equation (2).

For p and p' values of 750 and 1300 s , respectively, have been used.
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mental and calculated values is reasonable. However, for the fit at

23.7 K the contribution of the fast component should be much larger than the

calculated one. This could be due to the fact that there are other traps

i : which are deeper than trap 4; such traps were, however, not observed in

'-" the emission spectrum. Their emission may be obscured by the intrinsic

;. p r

; emission. At 23.7 K the quantum efficiency is equal to , because

at this temperature none of the observed traps is effective anymore. From

,. Table II q appears to be ]0% which is in agreement with the observed

1" value of q at that temperature (q * 10%).

if From this we conclude that trapping-limited energy transfer model in

',, which back-transfer is included, yields for the trap concentration

: n *100 ppm and for w * 10 s" .

Let us now consider the possibility that the energy transfer process is

diffusion-limited and that back-transfer is negligible. This can be a

good assumption for T = 1.65 K and for T > 23.7 K. For t •* °° the intrin-
—2 —2 —1

sic decay is then given by I(t) <\, exp(-p t).[^7rD(n R +nn^n ^

I(t) behaves according to this expression for t > 500 ps at T = 1.65 K and for

t > 70 ps at T = 23.7 K. With R and R = 6 A and a lower limit of

n +n0 = 500 ppm for the decay at 1.65 K and n = 100 ppm for the decay at

23.7 K we obtain D « 4xlO~9cm2
S~

1 at 1.65 K and D « 2xl0~8cm2s~' at 23.7 K.

(At 23.7 K we have taken n = 0 because at that temperature the traps are

not effective anymore.) The corresponding hopping times are then

—7 —8
T u = 1.5x10 s and T u = 3x10 s.
n n

The value of T.. at 1.65 K is larger than the corresponding values

found for Cs^C^Cl^ I 9] (Tfl = 10~
8-10~9s at 1.5 K) and for other uranyl

—R
compounds [ 19] (x * 10 s). This could indicate that we are dealing ;

• n

with the trapping-limited process. In connection with this it should ':

be mentioned that, if the lines which are observed next to the 0-0(i) .«

and 0-0'(i) lines in the excitation spectrum are due to Davydov splitting i

of the electronic origins, this splitting (A ** 4 cm ) would indicate

a hopping time of about 10 s [20]. With such a value for the hopping
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time the observed decay rate can only be explained with the trapping-

limited model.

4.2.3 Comparison with uranates and Cs-UO.Cl,

When the energy transfer in Cs,UO_Br is compared to that in the
l £ 4

uranates I 3] , the most important difference appears to be that in

Cs.UCLBr, the net transfer rate from the intrinsic centres to the traps

(n k ) is smaller than in the uranates: low temperatures n k

» 103-10 in Cs2UO2Br, and > 3x10 s"
1 in the uranates.

If the energy transfer rates are interpreted as diffusion limited

rates, the diffusion coefficient at low temperatures is lower in

Cs2UO2Br, (D «* 4xlO~
9cm2s~1) than in the uranates (D > 5xlO~8cm s~').

This is to be expected because of the smaller spectral overlap between the

intrinsic centres in the case of Cs-UO.Br, which is caused by the stronger

progression in v .

If, on the other hand, the energy transfer process is trapping-limited,

the value of k in the case of Cs,U0,Br. (k = w « 10 s" ) is lower
tr *- £. H tr tr

8 —1
than in the case of the uranates (k > 3x10 s ). This difference could

be due to the fact that there is less spectral overlap between an intrinsic

centre and a trap in Cs2UO2Br, due to the smaller trap depths and to the

fact that the relative intensity of the one-phonon side bands is lower.

The much lower net transfer rate in the bromide is also due to the lower

trap concentration (n * 10~ in Cs2UO2Br, and «= 10~
2 in Ba.CaUO,).

The energy transfer in Cs.UO.Br, can also be compared with that of

Cs2UO2Cl, [ 9). In the latter compound biexciton decay is observed and

the energy transfer rate at low temperatures (n k < 270 s ) is much

smaller than in the case of Cs.UO.Br^. This is mainly due to a difference

in trap concentration. From the fact that the quantum efficiency of the
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luminescence at room temperature is about 10% for Cs-UO.Cl, and < IZ

for Cs2UO2Br, it can be concluded that the killer concentration is also

much smaller in Cs-UO.Cl, than in Cs2UO2Br,.

In conclusion we note that the difference in energy transfer rate

at low temperatures between Cs?UO~Br, and the uranates is due to a dif-

ference in k as well as in n , whereas the difference between

CSjUO.Br, and Cs2UO?Cl, is mainly due to a difference in n
tr
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CHAPTER VI

ENERGY TRANSFER AND BIEXCITON DECAY IN CSjUO-Cl, CRYSTALS

ABSTRACT

We have investigated the influence of energy transfer on the lumi-

nescence properties of CS2UO2CI, crystals at low temperatures. Time-

resolved emission spectra and luminescence decay times were measured

between 1.5 and 15 K with the use of selective excitation techniques.

The luminescence behaviour of Cs_U0.Cl, depends on the excitation inten-

sity and can be described with a model which includes both energy

transfer to traps and biexciton decay.
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1. INTRODUCTION

Recently we have reported on the energy transfer processes in

CS2UO.Br, [ 1]. It has been found that migration of the excitation energy

has a strong influence on the luminescence properties of this compound.

At low temperatures (T < 10 K) some intrinsic luminescence is observed,

but the greater part of the luminescence originates from uranyl centres

near defects. These centres act as traps for the migrating energy. The

occurrence of energy transfer has also consequences for the decay curves

of both the intrinsic and trap emission and for the quantum efficiency

of the luminescence. The decay curves are not single exponential and

show already a marked temperature dependence between 1.5 and 25 K. In

this temperature region the quantum efficiency varies from * 90% to

about I0Z and at room temperature it is even less than 1%.

In order to determine whether energy transfer plays a similar role

in other uranyl compounds we have investigated the luminescence proper-

ties of Cs.UO.Cl,. The absorption and emission spectra of CS2UO2CI,

have been investigated before [see e.g. 2, 3]. These studies were, how-

ever, concentrated on the assignments in the spectra and no precise infor-

mation is available about the energy transfer processes in this compound.

From the luminescence experiments by Flint et al. [3] it is known that

at temperatures above 10 K the luminescence originates mainly from the

intrinsic uranyl groups.

In connection with the work on Cs»U0oBr. it should be mentioned that
2 2 4

the crystal structures of Cs^uTLBr, [ 4] and Cs2UO Cl, [ 5] are not the

same. Cs-UOjCl, crystallizes in the spacegroup C 2/m with two molecules

in the unit cell. The site symmetry of the uranium ions is C~. . The

crystal structure is such that the shortest U-U distance is 5.8 A (along

the c-axis), whereas the one but shortest U-U distance is 7.1 A and is
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situated in the ab plane. The difference between the two distances

indicates that energy migration in CsjUO^Cl, will most probably be three-

dimensional, in contrast to Cs.UO.Br, where it is more likely to be

two-dimensional [ 1].

To investigate the energy transfer processes in Cs2UO,,Cl,, the inten-

sity and decay of the luminescence were measured down to 1.5 K with the

use of selective excitation techniques. Furthermore we have measured

time-resolved spectra at low temperatures. The results of the above

mentioned experiments on single crystals of CSjUO-Cl, are discussed in

this chapter.

2. EXPERIMENTAL

Single crystals of Cs-lKLCl, were grown according to the method des-

cribed by Hall et al. [5]. The set-up for the optical measurements has

been described in ref.1.

3. RESULTS.

Cs.UO-Cl, shows a very efficient photoluminescence at 4.2 K under

low excitation intensity (q s' 90%). In contrast with the luminescence

of CSjUOjBr,, this luminescence is still relatively intense at room tempe-

rature (q * 10%).

The emission spectrum of Cs-UCLCl, was recorded at 4.2 K. Parts of

this emission spectrum are shown in fig.1. Besides the intrinsic emission

pattern which was also observed by Flint et al. [ 3] , a second emission

pattern is observed, which is ascribed to trap luminescence. This trap

luminescence disappears when the temperature is raised. Above about 10 K

it cannot be detected anymore. The emission spectrum was also measured

at 1.5 K and appeared to be the same as that measured at 4.2 K, except
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100
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1
3

intrinsic

trap

intrinsic
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'497.5 498.0

intrinsic

trap

519 520
\ (nm) — •

521 522

Fig.1 Parts of the emission spectrum of Cs_UO-Cl,, recorded at 4.2 K.

Excitation takes place in the intrinsic uranyl groups.

. 1(497.58 nm) 1(498.38 nm) „ . .
for a decrease in 1(497.62 nm) a n d 1(498.41 nm) P positions

of the emission lines which are presented in fig.1 have been

tabulated in Table I together with their assignments. For the study of

the energy transfer processes we have concentrated on the luminescence

behaviour of these lines. In fig. 2 we present the short wavelength

part of the time-resolved emission spectrum, measured after excitation

in the intrinsic uranyl centres. Note that the trap luminescence is

not observed for short times after the excitation pulse. (We have, in

fact, used the time-resolved spectra to assign the emission lines, shown

in fig.l, to either intrinsic or trap luminescence.)

The excitation spectra of both the intrinsic and trap emission were

recorded at 4.2 K between 500 and 470 nm. For these spectra a powdered

crystal was used. The excitation spectrum of the intrinsic emission

showed the same lines as those found by Denning at al. [2] in the absorp-
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tion spectrum of Cs.UO.Cl,. In addition to these lines, some other lines

are observed when the trap emission is monitored. The energy differences

(in cm ) between these other lines and the electronic origin (tr) are

0(tr), 166, 192(X), 521, 714(tr+V ), 733(tr+vJ, 879, IOO2(X+\> ) 1045 and

S "S "

1228. The intensities of the X lines, situated at 491.22 and 474.68 nm,

are stronger than any of the intrinsic excitation lines.

The luminescence properties of CsJUCLCl, show a marked dependence on

the excitation intensity. The quantum efficiency decreases with increa-

sing excitation intensity. Furthermore the ratio of the intrinsic to

TABLE I

Intrinsic and trap emission lines in Cs^UO.Cl,

X(nm)*

497.58

497.62

519.18

521.23

A (cm )

0

1.6

836

912

ass.**

i

i+v
s

i+v
as

X(nm)***

498.38

498.41

519.98

522.06

A (cm )

0

1.2

834

910

ass.**

tr

tr+v

tr+v
as

* These lines were also found by Flint et al.

** i denotes the electronic origins of the intrinsic emission and tr

the electronic origins of the trap emission. V and V denote the
s as

symmetric and asymmetric stretching modes of the uranyl ion.

The energy difference between the trap line at 498.41 nm and the

intrinsic line at 497.62 nm is 32 cm
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100
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pulse

x 5

4 9 9

Fig.2 Time-resolved emission spectra of Cs.UO Cl,, recorded at 4.2 K, after

excitation in the intrinsic uranyl groups.

I i

trap luminescence (•=— ) shows some variation with the excitation inten-

tr

sity. This ratio increases with a factor of 2 when the intensity is reduced

with a factor of 100.

The influence of the excitation intensity is most pronounced for the

decay of the intrinsic emission. This is shown in fig.3. For short times

after the excitation pulse the decay rate decreases with decreasing exci-

tation intensity, whereas the long-time behaviour remains the same. It

should be mentioned that the long-time behaviour of the decay curves is
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100

> 10-
m
c

ro

8

Fig-3 Decay curves of the intrinsic emission. XXX experimental curves,

measured at 1.5 K with different excitation intensities; curves

fitted with equation (2); experimental curve, measured at 12.5 K.

not the same for different samples.

When the tail of the decay curve is considered to be exponential,
I.

the decay times vary from 1.9 to 2.9 ms at 4.2 K. The value of ~ is
xtr

also different for different samples; in samples where T is shorter

I.
y— is smaller. The decay of the intrinsic emission was also measured
*tr

as a function of temperature. The decay curves varied only slightly in

the temperature region between 1.5 and 15 K (see fig.3).
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It was not possible to measure the decay of the trap luminescence

after excitation in the intrinsic centres. Under these circumstances

the trap emission is relatively weak and moreover it coincides with vibro-

nic features of the intrinsic emission. When excitation takes place

with either 491.22 or 474.68 nm (X lines) the trap emission is much

stronger. In this case a single-exponential decay of the trap is ob-

served with a decay time of *2,2 ms at 4.2 K.

4. DISCUSSION

The luminescence experiments on Cs-UCLCl, show that energy transfer

occurs from the intrinsic centres to traps (see e.g.fig.2). The vibra-

tional structure in the emission and excitation spectrum indicates that

these traps are also uranyl groups.

The dependence of the luminescence properties on the excitation

intensity suggests that non-linear processes occur in Cs-UO^Cl,. It is

most unlikely that the observed intensity dependence is due to heating

of the sample because of the fact that no marked temperature dependence

of the intrinsic decay was observed. Furthermore, the temperature

. , c 1(497.58 nm) , 1(498.38 nm) . ,. , .. .. ,
dependence of I ( 4 9 7 > 6 2 n m ) and I ( 4 9 8 - 4, n m ) indicate that local heating

does not occur.

We will show that the luminescence behaviour of Cs-UO-Cl, at low tempe-

ratures can be explained with a model in which both energy transfer to traps

and biexciton decay are taken into account. It is assumed that no back-

transfer from the traps to the intrinsic levels occurs. In view of the

trap depth of 32 cm this will be a reasonable assumption for the low

temperature region ( I * I . 5 K ) , In this case the decay of the exciton

density (N) can be written as:
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M i l =-kgN(t) - kbN
2(t) (1)

In this expression k, is the biexciton decay rate and k = n k +p , in
D a tr tr r

which p is the radiative decay rate of the excitons and n k is the

transfer rate to traps. This latter rate depends on the trap concen-

tration (n ). When the biexciton decay does not result in the emission

of a photon corresponding to the intrinsic emission, the intrinsic emis-

sion intensity I(t) will be proportional to N(t) and the solution of

equation (I) can be written as [6,7] :

k K O ) ,

1^' [kg/k^ + 1(0)] exp(kgt) - 1(0)

where kb'I(0) = 1^(0).

That we are indeed dealing with a biexciton process in which both exci-

tons are lost for the intrinsic emssion can be concluded from the emis-

sion spectra. If we were not dealing with the above-mentioned process,

the ratio of the intrinsic to trap emission should increase with increasing

excitation intensity. This is, however, not observed for Cs^UO-Cl,.

The decay curves of the intrinsic emission, measured at 1.5 K, were

fitted with equation [ 2j. This is shown in fig.3. The following values

were found for k and k,N(0):

k = 265 s"1, k,N(0) = 1600 s"1 for E = E
a D , max

kg = 280 s"
1, k ^ O ) = 120 s"1 for E = 0.06 E

The value of the biexciton decay rate (k, ) can be determined when the

initial exciton density N(0) is known. The value of N(0) was estimated

from the laser power (E ** 3x10 joule per pulse), the laser beam
IH3.X

and crystal dimensions and the absorption strength to be about 10 -10 cm

for maximal excitation intensity (E . ) . With this value for N(0), k

is found to be * I0~13-I0~14 cm3s~'.
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When it is assumed that the biexciton decay rate is limited by the hop-

ping rate of excitons through the lattice, the hopping time x u can be

n
-8 -9

determined; x appears to be ** 10 -10 s. Here we have used
3 "

4TT ̂ b , o
Tj, = -g— j — in which R, was taken to be 6 A. It should be noted that it

b
is not clear whether the exciton decay process is indeed diffusion limited.

The increase of the ratio of the intrinsic to trap emission with excita-

tion intensity could be due to the fact that the trap plays a role in the

biexciton decay process.

The value of k of about 270 s shows that transfer to traps is not

3.

very efficient. When p is assumed to be about 200 s then n V is

70 s , which is a very low value in comparison with the value found for

Cs-UCLBr. 0* 3000 s ). The difference between these two values is

most probably due to a difference in trap concentration (n ), The dif-

ference in the long-time behaviour of the intrinsic decay of different

samples can be explained by a difference in n . This is also in line

with the fact that in samples with a smaller value of x (larger n )

relatively more trap emission is observed.

Finally we note that biexciton decay has also been observed in other

uranyl compounds [8] (e.g. uranyl nitrate). In these compounds similar
values of x have been found,

n
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SAMENVATTING

In dit proefschrift worden de resultaten beschreven van een onder-

zoek naar de luminescentie van uranaten en enkele uranylverbindingen.

Dit onderzoek had vooral tot doel na te gaan in hoeverre de luminescentie

van de onderzochte verbindingen beïnvloed wordt door het optreden van

energieoverdracht tussen de uranaat- of uranylgroepen.

In hoofdstuk II worden de luminescentieeigenschappen van Ba„CaUO,

beschreven. Deze verbinding vertoont bij 4,2 K een groene fotolumines-

centie met een hoog kwantumrendement (q * 80%). Bij hogere temperatuur

neemt het kwantumrendement snel af; bij 77 K is het minder dan 1%.

De luminescentie van Ba^CaUO, kan met het volgende model beschreven

worden. Na excitatie in de intrinsieke uranaatgroepen migreert de exci-

tatieenergie door het rooster, totdat deze, bij lage temperatuur

(T < ** 25 K ) , ingevangen wordt door een uranaatgroep in de buurt van een

defekt, een zogenaamde "trap". De waargenomen luminescentie is afkomstig

van deze traps, waarvan de concentratie geschat wordt op ongeveer 1 mol 2,Bij

hogere temperatuur zijn de traps niet meer effectief. Het merendeel van de

excitatieenergie komt dan terecht bij zogenaamde "killers". Dit zijn centra

waar de energie stralingsloos verloren gaat. Tengevolge van dit proces

neemt het kwantumrendement af bij temperatuurverhoging.

In hoofdstuk III wordt besproken hoe de kristalstruktuur en de chemi-

sche samenstelling de energieoverdracht in uranaten beïnvloeden. Naast

Ba2CaUO6, werden
 YgUO ] 2, Li^UOj, L^UO^ en MgUO^ onderzocht. Het blijkt

dat het luminescentiegedrag van al deze verbindingen op dezelfde manier

beschreven kan worden als in het geval van Ba.CaüO,. Het kwantumrendement

z o

van de luminescentie bij 4,2 K verschilt echter zeer sterk van verbinding

tot verbinding. Dit kwantumrendement, dat varieert van minder dan 1%
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voor YgUOI2 tot 80% VOOR Ba.CaUO,, wordt bepaald door de verhouding

tussen de trap- en killerconcentratie. Het blijkt dat verbindingen, die

relatief veel vijfwaardig uranium bevatten, een laag kwantumrendement

hebben. De killers worden daarom toegeschreven aan de aanwezigheid van

vijfwaardig uranium.

Met behulp van de resultaten uit hoofdstuk III kan een ondergrens voor

de diffusiecoëfficient voor energiemigratie bepaald worden. Deze is

_g 2 — ]
5x10 cm s . Het blijkt dat exchange interactie verantwoordelijk kan

zijn voor een dergelijke waarde van de diffusiecoëfficient.

In hoofdstuk IV worden de emissie- en excitatiespectra van de verbin-

dingen, die in hoofdstuk III genoemd werden, geanalyseerd. Met behulp

van gegevens uit de infrarood- en ramanspectra wordt de vibratiestruktuur

in de emissiespectra toegekend. De electronische overgangen, die worden

waargenomen in de excitatiespectra, worden toegekend aan electronover-

gangen van orbitals met vnl. 0(2p) karakter naar orbitals met vnl. U(5f)

of ü(6d) karakter.

In hoofdstuk V en hoofdstuk VI wordt de energieoverdracht in Cs„UO Br,

en Cs.UOjCl, eenkristallen besproken. Verder wordt er een vergelijking

gemaakt tussen de energieoverdracht in Cs.UO-Br,, Cs-UO.Cl, en de uranaten.

Om de energieoverdracht in de uranylhalogeniden te bestuderen werd de

luminescentie bij lage temperatuur (1,5 K *€ T < 25 K) onderzocht met behulp

van selectieve excitatie en tijdsopgeloste technieken. :

Hoewel ook in het geval van Cs^UO^Br, het grootste deel van de emissie \;

bij lage temperatuur afkomstig is van traps, blijkt uit de metingen dat de ,5

energieoverdracht in deze verbinding langzamer is dan in de uranaten en •)

dat de trapconcentratie lager is. Aan de hand van de experimentele gege- 2

vens worden de mogelijke modellen voor energieoverdracht in Cs„UO„Br, j

besproken.
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De resultaten van enkele metingen aan Cs-UO.Cl, laten zien dat in

deze verbinding biexcitonverval optreedt en dat energieoverdracht naar

traps veel minder belangrijk is dan in Cs.UO.Br, en de uranaten. Verder

is het kwantumrendement van de luminescentie van Cs-UO-Cl, bij kamertem-

peratuur (q *= 10%) aanzienlijk hoger dan dat van de andere onderzochte

verbindingen. Al deze verschijnselen worden veroorzaakt door de rela-

tief lage trap- en killerconcentratie in Cs„UO„Cl,.

Samenvattend kan worden geconcludeerd dat energieoverdracht een

belangrijke rol speelt in de onderzochte uranaten en uranylverbindingen.

De mate waarin de luminescentie door deze energieoverdracht beïnvloed

wordt hangt af van de concentraties van traps en killers in deze verbin-

dingen.
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STELLINGEN

]. Bij de verklaring van de temperatuurafhankelijkheid van de luminescentie

van (CHJSH.KMnCl, en (C-H.NH-KMnCl, houdt Lignou ten onrechte geen re-

kening met het optreden van energieoverdracht.

F. Lignou, Ber. Bunsenges. Phys. Chem. 83_, 276 (1979).

2. Met een betere kennis van de bestaande literatuur zouden Keiler et al.

de kristalgroeigegevens van CaSO,^H-O op een eenvoudiger er meer ver-

antwoorde manier geïnterpreteerd kunnen hebben.

D.M. Keiler, R.E. Massey en O.E. Hileman, Jr., Can. J. Chem. 56_, 3096

(1978).

R. Gindt en R. Kern, Ber. Bunsenges. Phys. Chem. 72_, 459 (1968).

3. Laredo et al. schrijven de relaxâtiepiek, die bij hoge temperatuur in

de thermisch gestimuleerde depolarisatiespectra van BaF„:La kristallen

wordt waargenomen, uitsluitend toe aan dislocaties. Ze gaan hierbij voor-

bij aan de bijdrage van de ionenverplaatsingsstroom ten gevolge van de "ƒ

opkomende ionengeleidbaarheid bij die temperatuur. .,-r;

'•->'

E. Laredo, M. Puma en D.R. Figueroa, Phys. Rev. B 19, 2224 (1979). ''•>



4. Voor elke complexe n x n matrix A is 6(A) = d(A). Hierbij is

n 2
6(A): = inf { 2 |(U*AU)i-| |u unitair}

n 2
d(A): = inf { 2 |(A - N>£. | (N normaal}

5. De wijze, waarop Chadwick et al. hun geleidingsmetingen aan LaF, één-

kristallen interpreteren, is aanvechtbaar.

A.V. Chadwick, D.S. Hope, G. Jaroszkiewicz en J.H. Strange, in: Fast

Ion Transport in Solids, eds. P. Vashishta, J.N. Mundy en G.K. Shenoy

(North-Holland, Amsterdam, 1979) p. 683.

6. Bij hun studie van de katalytische reductie van NO vergelijken Lorimer

en Bell de resultaten van kinetische met die van infrarood spectrosco-

pische metingen. Hierbij onderschatten zij de invloed van het verschil

in poriënstruktuur van hun materialen.

D. Lorimer en A.T. Bell, J. Catalysis 59_, 223 (1979).

7. De variatie van het emissiespektrum van CaS:Bi„S„ (0,5 mol%) met de ex-

citatiegolflengte is het gevolg van verschillende waarschijnlijkheden

voor de stralingsloze processen tussen de aangeslagen toestanden van

het Bi ion.

S. Asano en N. Yamashita, Phys. Stat. Sol. (b) 97, 311 (1980).



8. De verklaring, die Sveshnikova en Naumov geven voor het luminescentiege-

drag van Ru(bipy-hg),Cl2-6H2O en Ru(bipy-dg)3Cl2'6D2O wordt onvoldoende

beargumenteerd en is waarschijnlijk onjuist.

E.B. Sveshnikova en S.P. Naumov, Opt. Spectrosc. 47, 279 (1979).

9. Wanneer overwogen wordt om regelingen voor gehuwden toe te passen op

samenwonenden, dient niet uit het oog verloren te worden waarom samen-

wonenden nu juist niet gehuwd zijn.

10. Met het oog op het feit dat in de natuur vaak een vruchtbaarder samen-

werking bestaat tussen verschillende sexen dan tussen gelijke sexen, is

het aan te bevelen meer vrouwen bij het natuurwetenschappelijk onderzoek

te betrekken.

11. Het is al te voorbarig om uit de kleur van het proefschrift van een pro-

movenda de kleur van haar kousen af te leiden.

2e Diskussiestelling op de landelijke dag voor vrouwen in de exacte we-

tenschappen, 1 maart 1980.

Stellingen bij het proefschrift:

Luminescence and energy transfer in hexavalent uranium compounds

D.M. Krol 11 juni 1980


