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STELLINGEN

bij het proefschrift: Luminescence of hexavalent uranium in oxides with

perovskite structure.

1• De Invloed van de gadolinium concentratie op de luminescentie van
3+

Tb in het systeem Y. Gd PO,:Tb wordt deels bepaald door het feit

dat YPO, en GdPO, niet dezelfde kristalstruktuur hebben.

A.P.D'Silva en V.A. Fassel, J. Luminescence Q, 375 (1974)

2. Ten onrechte suggereert Mooney op grond van een smalle emissieband

dat de groene luminescentie van uranium-geactiveerd MgJLigSb-O..,

toegekend moet worden aan een elektronenovergang op het uranium ion.

R.W. Mooney, J. Electrochem. Soc. 108, 1110 (1961)

Dit proefschrift.

3. Köstlin et al. gaan ten onrechte voorbij aan de invloed van

temperatuur en zuurstofpartiaalspanning op de elektronenconcentratie

in dunne laagjes In-O-,

H. Xostlin, R. Jost en W. Lems, Phys. Stat. Sol. (a) 29, 87 (1975)

4. Uit het door Liang en Joshi waargenomen verband tussen de elektrische

geleiding van B-PbP_:KF en de concentratie KF had Kennedy direkt

moeten concluderen, dat de door hem berekende concentratie van

restverontreinigingen in "zuiver" P-^Fg veel te groot is.

C.C. Liang, A.V. Joshi, J. Eiectrochem. Soc. J22, 466 (1975)

J.H. Kennedy, J. Electrochem. Soc. 122, 1641 (1975)



De methode die Ray toepast voor het meten van Raman spectra van

glasachtige borofosfaten maakt het tot een hachelijke zaak om

uit deze spectra conclusies te trekken omtrent de struktuur van

deze glazen.

N.H. Ray, Phys. Chem. Glasses 16, 75 (1975)

De door Georga en Grace bepaalde waarde voor de bewegingsenthalpie

van zuurstofvakatures in CaTiO, is aan twijfels onderhevig.

W.L. George en R.E. Grace» J. Phys. Chem. Solids 30, 889 (1969)

In tegenstelling tot Greenwood, geeft Schmalzried eea algemeen

toepasbaar verband tussen de afwijking van de stoechiometrie in en

de partiële dampdruk van de eléktrcneg^tieve komponenc van een

overwegend ionengeleidende verbinding.

N.N. Greenwood, Ionic crystals, lattice defects and

nonstoichiometry, Buttervorths-London, 1370

chapter 6.2

K. Schmalzried, Solid State reactions, Verlag Chemie-Weinheim,

Academic Press, Inc. New York, London, 1975

chapter 4 .2 .1 .

Uit de meetresultaten van Fava et al. blijkt dat energieoverdracht
3+ 3+ • • ' • '•'" " : ' •

van Ce naar Tb in GdAlO, verloopt via dippöl-quadrüppol en "niet

via dipool-dipool wisselwerking, zoals deze auteurs concluderen.

J. Fava, G. Le Flem, J.C. Bourcet en Fi Gaume-Mahn,

Mat. Res. Bull. 11, 1 (1976)

J.Th.W. de Hair, 5 april 1976
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CHAPTER I

INTRODUCTION

It is a well-known fact that compounds activated with hexavalent

uranium show luminescence (1-7). In some host lattices the emission

has a high intensity, even at room temperature. Its luminescence

has therefore become of interest in view of a possible application

as lamp phosphor (4). The emission has a colour varying from green

to red dependent on the host lattice. In spite of the hugh amount

of literature which describes the luminescence of uranium-activated

compounds, the chemical nature of the emitting centres in oxidic

host lattices is not always known. Some authors relate the colour

of the emission to the oxygen coordination of the uranium ion (1,3,8).
2-

They ascribe the red emission to tetrahedral UO, groups and the

2+ 6—

green emission to uranyl (U0„ ) or octahedral UO, groups. At this

moment we feel that a decision on the nature of the emitting centre

may be doubtful if it is based on the colour of the emission.

Sometimes a more reliable tool is provided by the pattern of the

vibrational fine structure in the emission. At low temperatures

this fine structure is frequently observed in the emission of

uranium-activated oxides. The pattern is determined strongly by

the nature of the UO centre.

The physical nature of the electronic transitions involved in

the luminescence of the U ion has not been investigated in any

detail. In the course of investigations (9) at this laboratory



it appeared that oxides with ordered perovskite structure and general

formula AoBB'0, (A and B are divalent, B' is hexavalent) forme. o

very suitable host lattices for spectroscopical investigations.

Because of the incomplete description and superficial understanding

of the uranium luminescence it seemed interesting to study the

octahedral UO, group in this type of host lattice. The ordered

perovsfcite structure offers only one crystallographic site to be

occupied by hexavalent uranium (viz, the B' site). Moreover, this

type of host lattice has a highly-symmetric crystal structure and

allows an extended cation substitution at the A and B sites. This

advantage of the structure is used to investigate the influence

of the host lattice on the luminescence properties. A systematic

study is possible since the UO, octahedron is surrounded by six

B ions in the [100] direction (forming collinear U-O-B bonds

in the ideal case) and by eight A ions in the [ill] direction.

The results of this investigation can be found in the following

papers:

J.Th.W. de Hair and G. Blasse, "Luminescence of hexavalent uranium

in ordered perovskites", J. Luminescence 8, 97 (1973) I

I
J.Th.W. de Hair and G. Blasse, "Luminescence of the octahedral f

uranate group", J. Luminescence (to be published, chapter II j

of this thesis) jj
s

J.Th.W. de Hair and G. Blasse, "The luminescence properties of the

octahedral uranate group in oxides with perovskite structure",

J. Solid State Chem. (to be published , chapter III of this thesis).



A.C. van der Steen, J.Th.W. de Hair and G. Blasse, "Energy transfer

/ between octahedral tungstate and uranate groups in oxides

with perovskite structure", J. Luminescence (in press, chapter IV

of this thesis)

J.Th.W. de Hair and G. Blasse, "The nature of the emission transition

of the octahedral uranate group", Chem. Fhys. Letters 36,

111 (1975) (chapter V of this thesis).
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CHAPTER II

LUMINESCENCE OF THE OCTAHEDRAL URANATE GROUP

1. INTRODUCTION

The luminescence of the hexavalent uranium ion coordinated by

oxygen ions has been investigated frequently. Many years ago

Kroger has given a long list of luminescent uranium-activated

oxides (1). A great deal of attention has been paid to the uranyl

2+ 2—
ion, U0o (2-7), whereas the luminescence of tetrahedral UO. (8-11)

I A

and octahedral UO- groups has been investigated more incidentally (12-15),

The coordination number of hexavalent uranium in oxides seems to be

an important factor that determines the luminescence properties of

uranium-activated oxides. It has been suggested, for example, that

the emission colour of the luminescence depends on the coordination

2-Ï
number: Blasse has ascribed red uranium emission to UO, groups and green

emission to U0_ or UO, groups (13). The choice between the two

latter groups is difficult since often the coordination number is

not known for the materials that have been investigated.

In 1955 Runciman has ascribed for the first time green uranium

luminescence to the presence of UO, groups (14,15). In some of

his samples the introduction of U into the host lattice requires

charge compensation. As a consequence the surroundings of the

luminescent centre in these samples are not known with certainty.

However, Runciman has also mentioned the green emission of UO,

in compounds like Ba„CaUO, and Ca_UO,, where nowadays the presence of



i

I
uranate octahedra is taken for granted (16,17). \

In this chapter we describe the luminescence of U -activated jj

oxides with general formula A ^ B ' O ^ , where A and B are divalent and J

B' is a hexavalent cation. This type of compounds has the ordered jj

perovskite structure which has been depicted in fig.l. In the ideal jj

s

case the lattice can be described as a cubic close-packing of oxygen |

and A ions in the ratio 3:1. The B and B' ions occupy the octahedral 'i

holes formed by the oxygen ions. The distribution of B and B' ions :

is ordered in such a way that perpendicular to the [ill] direction jj

of the close-packing there are layers' which contain B and B' ions J

alternately. Usually the real structure can be described by a slight I

deformation from the ideal one.

The hexavalent uranium ion (on B' sites) shows efficient luminescence

in this crystal structure as has been mentioned by Runciman (15),

Natansohn (18) and ourselves (12). We have used the advantages of ;|

compounds with this lattice in two ways. In the first place use I
'I

is made of the simplicity and high symmetry of this lattice to give j:

a more detailed picture of the emission of the uranate octahedron. jj

This is the contents of this chapter. In the second place we have g

use' the fact that many elements can be used as the A,B and B' |

species in A^B'O, to study the influence of the surroundings of the |

uranate octahedron on its luminescence properties. These results I
B

will be discussed in chapter III. I



Fig . l . The ordered perovskite structure of compounds A„BB'O,.

open circles : 0

large, hatched circles : A

black circles : B

small, dotted c ircles : B'



2 . EXPERIMENTAL ?

i
All measurements were performed on powdered samples. The uranium- '»

15
M

activated tungstates were prepared by firing intimate mixtures of |

high-purity compounds for a few hours at 1300 °C in an oxygen atmosphere. I

For the uranium-activated tellurates this temperature was 1100 °C. isI
Starting materials were high-purity BaCO^, SrCO^, CaC03, basic |5
magnesium carbonate, ZnO, CdO, W0 3 > TeO2 and uranylacetate. Samples |
were checked by X-ray analysis on a Philips diffractometer using I

j
Cu-Ka radiation. i

Excitation spectra were recorded on a Perkin-Elmer MPF-2A jf

spectrofluorimeter. These spectra were corrected for monochromator f

transmission and the intensity of the excit ing radiation. This was fi

obtained by recording an excitation spectrum of liumogen,the quantum |

efficiency of which is nearly independent of the exciting wavelength 8
i

up to about 460 nm (19). The sample was mounted in a liquid helium |

flow cryostat (Oxford CF 100). The temperature could be adjusted if

between LHeT and RT by varying the flow rate. This low-temperature |

equipment was also available for the decay time measurements. These

were carried out as described in chapter V.

Diffuse reflection spectra were recorded or. a Perkin-Elmer

EPS/3T double-beam spectrophotometer against a Mg',0 white standard.

In order to avoid the disturbing influence of luminescence a filter

BG 12 was placed in the sample beam. This filter transmits only in

the absorbing region of the samples. Corrections were made by recording

MgO with this filter against the MgO standard. The reflection of



the f i l t e r was also accounted for.

The concentration dependent measurement of the emission intensity

was performed on a home-made equipment. A tungsten lamp in combination

with a Beckmann monochromator provided the wavelength to excite

directly into the uranate groups (excitation wavelength about 350 nm).

The emission intensity was detected by a photomultiplier type

RCA 4463, along with a K3 f i l ter of Balzers. The signal was lock-in

amplified.

The emission spectrum depicted in f i g . 2 , was recorded at Philips

Research Laboratories by courtesy of Dr. A. Bril on a Spex 1700

monochromator.

3. RESULTS

The investigations described in this chapter were performed

on uranium-activated tungstates and tellurates with formula

AjBB'O, (Blt= Te or W ) . For A we used the alkaline-earth ions

Ca, Sr, Ba. The B ions were the alkaline-earth ions, Zn or Cd.

The excitation and emission spectra show in mean lines the same

bands for all compounds. At RT all compounds show a green narrow-band

emission. Its efficiency can be very high (quantum efficiencies of about

70% were obtained, see ref.12). This emission is undoubtedly due to

the presence of uranium since it is absent in the unactivated samples.

The spectral distribution of the emission is independent of the

excitation wavelength. The corrected emission curves are asymmetric

and skewed towards the long-wavelength side. At lower temperatures
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5'
the emission spectra show extensive vibrational fine structure. 5

This structure was studied in more detail for S^MgW^ QQ-JUQ oo3°6f &

the emission of which at LNT is presented in fig.2. The position .:

of the vibronics and their assignments are listed in table I. i;

The indication of the pattern starts with four lines j»»b_,£ and d_, If

of which b_ and <i are repeated at constant intervals of one and two •]

times 810 cm as £, £ and £,h_, respectively. The pattern consisting ]

-1 '%
of the lines £ to ti is also observed with a shift of 90 cm and ;

i

65 cm" to the long and short wavelength side, respectively. These j
-;

>'l

patterns are less intense. ]

The pattern of the fine structure depends strongly on the 1
i

uranium concentration-. In fig.3 emission spectra at LHeT of |
'I

Ba„ZnW0,-U are shown for two different uranium concentrations. The I2 6 I
pattern of the emission of Ba-ZnW. gg^U- Q Q 3 O , is similar to that |

'Iof Sr2MgWQ Q Q 7 U O 003°6 ^n f*6- 2 and corresponding lines in these pp
spectra are labeled with identical letters (see also table II).

The pattern in the emission of Ba.ZnW. Q CU n n c 0 , , however, differs
i. U.3J U.U3 D

from these and shows some other intense lines situated at the long

wavelength side of a

Representative examples of the excitation and diffuse reflection

spectra are given in figs.4 and 5, respectively. The excitation

spectra contain two bands in the ultraviolet and one in the visible region.

The analogy with the diffuse reflection spectra is obvious. In the

excitation band in the ultraviolet region (around 350 nm) fine structure

can be observed at lower temperatures. The pattern is different from
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that in the emission. It is also much less pronounced. In table III

the energy of several vibronics is tabulated for this excitation

band in the spectrum of Ba2MgWQ 9 9 7U Q 003°6
 at LHeT C f i8- 6)'

The lowest-energy line £ is repeated for several times as

£,e_ and £ at constant intervals of about 800 cm . In addition,

there is a distinct coupling with another phonon which is responsible

for the lines b_, <i and f_. It must be noted that the inaccuracy in

the values given in table III is much larger than that in the values

in table I.

The structure of the excitation band in the visible region is

not easy to determine. The correction for the lamp intensity is

inaccurate because of the complex Xe-lamp spectrum which has several

lines in this region. This will disturb the observation of the fivie

structure. Moreover, this band is situated very close to the emission

band, so that it is difficult to separate the exciting radiation

from the emission. Nevertheless the presence of fine structure in this

band is beyond doubt.

In the system Ba.MgW U 0, the concentration dependence of the

uranium emission intensity and the decay time was studied (fig.7).

Excitation was mainly into the band in the long wavelength ultraviolet

region. The emission intensity increases and the decay time is

constant up to about x • 0.02. For higher uranium content concentration

quenching of the uranium emission occurs * In view of this the value

x = 0.003 was chosen for a great part of the experiments in order

to prevent radiationless losses by energy transfer between uranate

centres, followed by transfer to killer sites.



Sr2MgWQ997Ua003O6

450 500 550 600
Mnm)

n mFig.2. Emission spectrum of Sr2MgW_ QQ-JVQ QO3°6
 a t ^ f o r

excitation. * denotes the spectral radiant power in arbitrary units,
The lines are numbered according to table I .



Table I. Analysis of the emission spectrum of Sr2MSWo.99?UO.OO3°6 at LOT (fi8-2)'

The position of the vibronics is given in terms of the energy of the lines a, a' and a " and

the vibrational excitation A in the grouad state.

line

a

b

c

d

e

f

g

h

energy (cm )

20,300

A (cm"1)

0

240

375

655

1040

1470

1850

2280

line

a'

b1

c'

d'

e'

f'

8'

h'

energy (cm )

20,210

A (cm"1)

0

235

375

685

1Q45.

1495

1895

2320

line

a"

b "

d"

f"

energy (cm )

20,365

A(cm"1)

0

255

665

1480

assignment

zero-phonon

transition

+ V6

+ v4

+ *3

+ v6 + v]

* v 3 + v,

+ V6 + 2vl

* v3 + 2 V ]

<J



Ba2ZnWO95UOO5O6

520 540 560 580 600

Fig.3. Emission spectra of Ba2ZnWO,-U at LHeT for different uranium concentrations.

Excitation wavelength mainly 366 tun. * gives the spectral radiant power in arbitrary

units. The lines are numbered according to table II.



Table II. Analysis of the emission spectra of Ba2ZnWQ «97^0 0O3°6
 and B a2 Z n Wn 95U0 05°6 at LHeT <'see als0 fi

line

al

bl

dl

a, + v,

el

fl

Ba2ZnW0.997U0.

energy (cm )

19,100

18,850

18,520

18,350

18,075

17,750

003°6

A (cm"1)

0

250

580

750

1025

1350

from these values it follows
v. « 765 cm .

we estimate the zero-phonon
(viz. a3) to be situated at

assignment

zero-phonon

+ V6

+ V3

+ vl

+ V6 + vl

+ v3 + v,

that

transition.(3)
18,920 cm

(1)

{

line

al

a2

b2

d2

a2 + v,

e2

a2 • 2v,

b3

d3

e3

B a2 Z n W0.95 U

energy (cm )

19,100

0.05°6

A (cm )

0

vibronics belonging to a. have
tabulated here.

18,785

18,520

18,215

18,020

17,750

17,240

18,670

18,330

17,905

0

265

570

765

1035

1545

?

?

?

assignment

zero-phonon (1)

not been

zero-phonon (2)

+ V6

+ v3

+ vl

+ 2v.

+ V6

+ V3

+ v6 + v,



Ca2MgWa 9 9 7Ua 0 0 3O6

Fig.4. Relative excitation spectrum of the green emission of CaJNgWg 9 9 7 ^ QQqOg at room temperature



100

c
o
u

CC

50

1 Sr2MgWO95UOO5O6(RT)
2 Ba2ZnWQ95Uo05O6(RT)

20 40

i g . 5 . Diffuse reflection spectra of Sr2MgW0>g5Uo0506 and Ba2ZnWog5Uo

at room temperature.



Ba2MgW0997U0003O6

g f (LHeT.)

340 360 380
X(nm)

400

Fig.6. A part of the excitation spectrum of the green emission of

BaJKgW O Q 7U n niv,0, at LHeT. The lines are numbered according to table III.
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Table III. Position of vibronics in the excitation band of BaJMgW. aaJJn nn_0
1- 0.997 0.003 6

at LHeT in the long wavelength ultraviolet region (fig.6).

a

b

c

d

e

f

g

na

404

394

390

383

379

372

368

24.8

25.4

25.6

26.1

26.4

26.9

27.2

energy

0

0.8

2 x 0.8

3 x 0.8

difference

0.6

1.3

2.1

(fcK)

* 0.

= 2

relative to a

8 + 0.5

x 0.8 + 0.5
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il

I
I?

i

I

0.001 0.01

Fig. 7. Decay time T (in ys) and intensity I (in relative units) of the green

emission of Ba2MgW U 0, at room temperature as a function of the uranium

concentration x. Excitation wavelength mainly 366 nm.
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4. DISCUSSION

4.e The emission transition

Before starting the assignment of the vibrational pattern in the

low temperature emission, vibrations which may play a role will be

surveyed. Vibrational spectroscopie investigations on the perovskites

A-BB'O, have revealed that there is a separation between the internal

vibrational modes of the B'O, octahedron and the external modes (16,20).

For the B*CL octahedron group theoretical considerations represent

the normal modes as: A. + E + 2T, + T_ + T_ . The modes
Ig g lu 2g 2u

Ala^ VP* E K ^ V 2 ^
 an<* T2e^v5^ are RaEian~active» tne two Ti nodes

<v. and v,) are ir-active, while T_ (vg) is inactive. For some

compounds A„BUO, and A_BW0, the frequencies of the vibrations

v. to v, are summarized in table IV , as observed in ir and Raman

spectra. We will now show that it is possible to assign the vibrational

fine structure observed in terms of these internal, optical k = 0

modes.

An inspection of the energy differences between the several

vibronics as given in table I learns that coupling takes place with

more than one single type of vibrational mode. This is in contrast
2+with the pattern of the U0» emission, which is mainly dominated by

coupling with one type, viz. the symmetrical uranyl stretching

vibration ( 3 ) . Clearly the spectrum in fig.2 cannot be assigned in

this way. If we assign the intense, sharp line _a to the zero-phonon

transition, a comparison between the positions of the vibronics relative

to line a. and the frequencies in table IV reveals that there is a



Table IV. Summary of normal vibrational frequencies of the octahedral B'O, group in ordered perovskites A2BB'O&.

Values are given in cm .

K>
M

compound

Ba2MgWO6

Sr2MgWO6

Sr2MgUO6

Ba2ZnWOfi

Ba.ZnUO,
4. 0

Ba2CdMO6

v,(AJg) v2(Eg)

818

865

756

822

762

845

620 (sh)

668 (sh)

590

605

600

620

W
435 ; 386; 355

390 (sh)

360

357

310

340

w
445

457

374

431

348

405 *

ref.

16

16

*)

17

17

17

(sh) means that the band is accompanied by a shoulder

*) The Raman spectrum of this compound was recorded by Mr T.L. Snoeck of the University of Amsterdam.

The infrared spectrum was recorded at our laboratory.
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coupling with the two T. modes v, and v.. The vibration of 240 cm

(table I) corresponds probably to the normal mode T_ (vfi). This mode

is ir inactive; to get some idea of its frequency usually the relation

vfi = v5/V2 is used. In view of this our assignment seems to be

reasonable. Note that the coupling with v, is much weaker than with

v_ or v,. The vibronics are ascribed to coupling with ungerade

vibrational modes. Gerade vibrational modes do not play a role in

our assignment. The relatively regular repetition of the lines b_

and d as e and f_, and as £ and h_ at an interval of about 810 cm

is attributed to coupling with the vi(A. ) mode. Its value is rather

high in view of the values observed for uranates (see table IV).

However, the uranium ion is present in a tungstate host lattice

in which it occupies a lattice site which is somewhat too small to

accomodate the uranium ion easily (compare the ionic radii of U

and W for six-coordination, viz. 0.73 8 and 0.60 &, respectively (22)).

This may enhance the value of the breathing mode A. . Vibrational

spectroscopie investigations on solid solutions have learned that

the frequencies of vibrational modes are influenced by this (23-25).

For example, Tarte has investigated solid solutions Zn2(Si, Ge)0,

(23). The value of the vj(AjE) vibrational mode of the GeO^ group

present in Zn.SiO, is higher than that of the same group in

Superposed on this vibrational pattern we observe two similar,
-1

less intense patterns. The more intense of these is shifted 90 cm



to lower, the other 65 cm" to higher wavenumbers (see table I). The

vibronics in these patterns are indicated in the same way as before,

but one or two accents are added, respectively. The agreement of

these patterns with our assignments can be judged from table I.

The existence of several similar patterns suggests the presence

of emitting centres with different surroundings. Note that the ordered

perovskite structure allows only one crystallographic site for the B ' |

1
ions. Obvious possibilities for different centres are uranate groups |

I
associated with defects or uranate group clusters. The former

has also been considered in the case of tungstate luminescence

from compounds A2MgW0, (26). The latter follows from the fact that

for 3 t, U distributed statistically among the B' lattice only 96.4 %

of the uranium ions occur as singles.

The observed pattern of the fine structure in the emission

depends on the uranium concentration, as for example shown in fig.3.

The emission spectra of compounds with low uranium content have
I

similar patterns (see figs. 2 and 3, tables I and II). The vibronics
i

in the emission of Ba^ZnW. g5U0 QcOg are assigned to a coupling i

of the pure electronic transition with the same type of vibrations

as in the spectrum of Ba2ZnWQ gg7^0 QO3°6 ^see table IX and f i 8 « 3 ) '

Therefore we have to assume, however, that in the former spectrum at

least two zero-phonon lines more are present than in the latter.

These two extra zero phonon lines (a, and a,) are shifted to longer

wavelengths relative to the zero-phonon transition a which is also

present in the emission of Ba2ZnWQ gg7UQ 00306« Note that the zero-phonon
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line a_ is not observed, but this transition must be situated at

about 18,920 cm (528 nm) as we have deduced from our assignments

in table II. The influence of the uranium concentration on the emission

fine structure may be explained by the increasing occurrence of energy

transfer with increasing concentration (see below). The energy

can be transferred from uranate to uranate group and a great part of

the emission will come from centres that have their emission at

longer wavelengths.

2+It is generally recognized that the emission of U0„ displays

also considerable fine structure (27). In contrast to our pattern,

sets of equi distent lines appear in this case. This is evidence for a

stronger vibronic coupling which gives rise to a fine structure

pattern that is dominated by a progression in the symmetrical stretching

vibration. Mostly, this fine structure is aasily observable at

room temperature (28). In the emission of UO, groups there is

essentially one-phonon coupling. More-phonon lines are very weak.

A resemblance with our pattern is found in the emission spectra

of Y,W0._-U (13) and CaFo-U (29). In the former compound undoubtedly

UO, groups are present. However, for CaF2-U Hanson et al. could

not unambiguously decide between UO» and UO, groups. The pattern

of the vibrational fine structure in the emission may be a way to

determine the oxygen coordination number. In view of the fine structure

observed the emission from CaF_-U (29) must originate from UO, groups.

Manson et al. have shown that the zero-phonon line in the emission
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of CaF2-U is of magnetic dipole origin (29). This, together with the

interpretation of the vibrational fine structure and the results of

the decay tinie measurements (30) proves that the emission from the

U0^~ group is a parity-forbidden electric-dipole transition which
6

becomes vibronically allowed. In a recent paper J»Srgensen and Reisfeld

2+
have argued that the emission arising from a U0_ group is also

parity-forbidden (7).

For a series of compounds the decay time was considered in

relation with the deviation from cubic symmetry at the uranium site.

This was done with values of the decay time obtained at LNT (30).

At this moment these measurements have been extended to temperatures

down to LHeT. The conclusion drawn in ref. (30) remains valid. In

table V the deviation from cubic site symmetry increases from top to

bottom as deduced from broadening of ir absorption bands. In the same

direction the decay time decreases. We have also noted that the decay

time is temperature dependent due to the increase of the emission

transition probability with increasing temperature. This dependence

can be described by a factor [ exp (hv /kT) -lj , where v is the

frequency of a phonon-iri the excited electronic state (31). In fig.8

an example of a fit to the experimental results is given. This was

done for v& = 190 cm , which may correspond with the value of v

in the excited state (30).

In conclusion the features of the emission of the octahedral

U06 group can be interpreted in terms of a parity-prohibition.
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Table V. Decay time of the emission of uranium-activated oxides with

perovskite structure at LHeT. Mainly 366 ma excitation. All compounds

contain 0.3 mol percent U

Ba2MgWO6

BaoCaW0,

Ba2StWO6

Ba2CdWOfi

Ba-BaWO,

340 us

320 us

320 us

265 us

220 us

100 us

Ba„MgWO, 340 us

Sr2MgWO, 305 us

Ca2MgWO, 270 us
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2+The emission of the UO. group has probably to be considered in

the same way as already indicated by J^rgensen and Reisfeld (7).

4. b The excitation transitions.

First the excitation bands in the visible and near ultraviolet

region will be discussed. These two bands are observed in a region

where the host lattices under consideration do not show optical

absorption (16). Both bands are undoubtedly due to the presence

of uranium. The band in the ultraviolet region is much more intense

and shows fine structure in some cases. The diffuse reflection

spectra show a strong absorption band at the same energy. The

fine structure in this excitation band differs from that in the

emission band. Two types of phonons are repeated at constant

intervals for several times. A zero-phonon line is not clearly

observed. We have assumed that this is line a. As an example,

for B* MgWQ g97
U
Q n03°6

 these two Phonons are about 800 and

500 cm (see table 171). The former corresponds undoubtedly

to the v.(A. ) vibrational mode of the UO, group. The fine

structure is much less pronounced than in the emission. However,

the coupling with the v. vibrational mode is much stronger than

in the emission. In view of the strong absorption band and the

coupling with a gerade vibrational mode this excitation band

must be due to an allowed electronic transition. Consequently

the other phonon must also be a gerade vibrational mode and may

correspond to the v.(E ) . There is an additional band in the
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visible region. This band also shows fine structure. We were

not able to obtain a reliable pattern of this structure because

of reasons mentioned above.

Kenmler-Sack has reported the diffuse reflection spectra

of compounds AjBUO, (32). She reports a complicated collection

of bands, which after inspection can be separated into two

groups that are comparable with our two excitation bands. The

group in the visible region (between 17.8 and 22.8 kK) contains !

some bands which are observed as shoulders. She does not rule

out the possibility that these bands have to be assigned to

vibrational structure. Dependent on the choice of the alkaline-

earth ions the intensity of this group of bands varies, while

the intensity of the absorption band at higher wavenumbers,

resembling our excitation band in the ultraviolet region, remains

almost constant. The intensity of the former bands increases if

the size of the cation A decreases. The choice of a small cation

A will lead to a distortion of the ideal cubic lattice. This may

result in a removal of inversion symmetry at the B' site. This

observation runs parallel with our observations on the decay time

of the emission (see table V).and may indicate that the absorption

band in the visible region is parity-forbidden.

The assignment of the excitation bands to electronic transitions

is not simple. Jfirgensen has discussed the relative order of

ligand m.o.'s for hexahalide complexes (33). This order is

assumed to be
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ir t ] g > <ir+ö>tlu >

It is generally assumed that in uranium the 5£ level is at lower

energy than the 6d level. The sevenfold degenerate 5f level

splits due to the combined action of spin-orbit interaction

and the octahedral crystal field, as has been discussed for example

for U + (34,35). The excitation band in the ultraviolet region

will undoubtedly correspond to the first allowed charge transfer

transition from the ligand m.o.'s to the uranium ion. So, we

ascribe this band to the ir t. "*" 5f transition. In the case of

4f group hexahalides the first electron transfer band is also

ascribed to the Laporte-allowed transition it t. •+ 4f (36).

Hoefdraad has reported the charge-transfer spectra of some 4f

group elements in a number of oxides (37). The first charge-transfer

band is assigned to the transition t. -*-Uf. Recently Alberda and

Blasse studying the uranium luminescence of Y.Li^Te^O „-II proposed

another possibility to assign the intense charge-transfer band,

viz. a transition from the ligand m.o.'s to the Sd level of

uranium (38). They preferred this possibility because their

excitation spectra did not reveal vibrational fine structure.

In view of the present results that definitely show the presence of

vibrational fine structure in the ultraviolet absorption band,

we feel that our assignment is to be preferred. In addition,

Jrfrgensen has noted that the octahedral molecules MoFg and WF̂ . have their

first strong absorption band (charge transfer to the empty metal
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5d level) at 54 and 57 kK, respectively, whereas UF, has its

first strong absorption band (charge transfer to empty 5f level)

at much lower wavenumbers, viz. 24 kK (39). He has concluded

that the electron affinity of the empty 5f level in U is much \

higher than that of the 5d level in W . The charge transfer

absorption band involving the 5d level of W in.our host

lattices is situated at energies higher than the excitation

band in the ultraviolet (16). So, our assignment of this band

to the ir t, -*- 5f transition does not seem to be unreasonable,
'g

The excitation band in the visible region is a parity-forbidden

transition. Its position is close to the emission band. We

have no other possibility than to ascribe both this excitation band and

the emission band to the parity-forbidden f t . •*• 5f transition

and its reverse, respectively. We note that the characteristic

weak absorption band with vibrational structure centered around 24 kK

in U02 is assumed to be the first electron transfer band due

to the parity-forbidden transition it •+ 5f (33).

A consequence of the assignment of the weak band in the

visible region is an arrangement of the ligand m.o.'s which is

different from the one proposed by Jfcgensen and generally accepted

for octahedral complexes (33). In our case the t. orbital lies

above the t. orbital. Schmidtke has given a topological treatment

of an octahedron of six ligands (40). His consideration leads to

the following sequence of ligand m.o.'s :
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t, > t. « e > t„ > t_ > t, > a.lu lg g 2u 2g lu lg

The highest ligand m.o. is a t. orbital, in accordance with our

assignments. We feel that the J^rgensen sequence may not be

valid for all octahedral complexes.

The presence of the excitation band in the visible region

must account for the observed concentration quenching of the

luminescence. In the Dexter-Schulman model this is determined

by the spectral overlap between the absorption and the emission

band of the uranate group (41). In view of the low concentration

for which the quenching starts this overlap must be considerable.

The dependence of the emission intensity on the uranium concentration

at BT (fig.7), shows that the critical concentration amounts

to about x = 0.02. For x values larger than 0.02 a further

increase of the emission intensity is not observed. Simultaneously

the decay time decreases. This may indicate an increase of the

non-radiative processes. From this value of x we estimate

the critical distance for energy transfer between uranate groups

to be 25 X.

The excitation band in the short wavelength ultraviolet

region is easy to explain in the case of the tungstates. At these

energies the host lattice absorption is very strong so that we

ascribe this excitation band to host lattice excitation followed

by energy transfer to the uranate group. In the tungstates the

influence of temperature on the relative intensity of this excitation

band is remarkable. Moreover, this also depends on the host lattice.

This has been explained by the occurrence of energy transfer and
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has been discussed in more detail elsewhere (21).

In the case of the uranium-activated tellurates this

excitation band shows a different behaviour. The band is less

complicated. Its intensity relative to the excitation band

assigned to the t. •*• f transition is temperature independent.

Further the influence of the host lattice on the position of

both bands is the same: the difference between their spectral

positions remains constant (about 1.0 eV). Previously, Blasse

observed for Li_NbO,-U an excitation band at about the same energy (13).

It has been ascribed to absorption by the activator (U0, ) since

undoped Li-NbO, does not show absorption in that region. So,

for Ü in Li3Nb0, the band at 270 nm is the next charge transfer

absorption band which will be due to the transition t + 6d

or to another transition t -+ 5f. In this compound the intensity

ratio of the two excitation bands is equal to that in the tellurates,

whereas the energy difference amounts 0.8 eV. The unactivated

tellurates show strong absorption in the region where this band

is observed, but do not luminesce. However, energy transfer from

the tellurate to the uran ategroups may occur by a mechanism

which is different from that for the transfer from tungstate to

uranate groups. We conclude that this variety of possibilities

makes a definite choice for the assignment of this band in

the tellurates very difficult.

In conclusion we have presented evidence for the existence

of octahedral UOg groups in oxides. The interpretation of the »
I

nature of the transitions involved in the luminescence mechanism
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of the UO, group may be helpful in studying the optical properties

2+
of the UO, group. Moreover, we have indicated a possibility

2+ fi—

to discern the presence of U0_ groups from that of UO,. groups

in oxides. The influence of the surroundings of the latter on

its luminescence properties will be discussed in chapter III.
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CHAPTER III

THE LUMINESCENCE PROPERTIES OF THE OCTAHEDRAL URANATE GROUP IN

OXIDES WITH PEROVSKITE STRUCTURE.

1. INTRODUCTION

The nature of the luminescence transitions within the octahedral

uranata group has been described by us in (1). The luminescence

properties of this group are influenced by the chemical constitution

of the surroundings. The most striking example is the quenching

temperature of the emission. A few years ago Blasse has already

given a survey of the influence of the host lattice on this temperature

for several activators (2).

To study the influence of the surrounding ions on the luminescence

properties of the octahedral UO, group we have used host lattices

with perovskite structure. This structure has a high symmetry

and allows an extended cation substitution. A survey of compounds

with this structure has been given by Goodenough and Longo (3).

In this laboratory many investigations on the optical properties

of compounds with this structure have been performed (4,5,6).

The introduction of uranium on a B' site in cubic perovskites

with general formula A_BB'O, results in a coordination of uranium
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by six BO, octahedra, which share corners with the UO, octahedron.

In the [ lOOl direction the UOfi octahedron is surrounded by B cations;

in the [Mil direction by eigth A cations.

In the host lattices A„BB'O, both the A and B ions are divalent.
2 o

Another charge distribution is provided by the host lattices

A2+La B+B'O,. Brixner has described a few compounds with this
b

composition (7). Divalent A and trivalent La ions are distributed

among the sites which were occupied by A ions in the host lattices

A?BB'O,. For charge compensation the B'O, octahedron and, therefore,

the uranate centre is surrounded not by divalent,but by monovalent

B ions in the [ 100] direction.

We have also studied the luminescence of the uranate group

in Ba-ZnTeO... This compound has a hexagonal, perovskite-like/ o

structure with two different crystallographic sites for tellurium (8).

2 EXPERIMENTAL

All experimental procedures have been described earlier (1).

3 RESULTS AND DISCUSSION'

3 a. A2BBV06 host lattices.

The host lattices in which tungsten is used for B1 will be

considered first. If A and B are alkaline earth ions, the uranate

emission of compositions A_BW0,-U has at room temperature approximately

the same spectral distribution (figs.l and 2). The position of the

maximum of the emission bands is given in table I. In this table the
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Fig.l. Emission spectra of compounds Ba2BW0>997U0<003(>6 (B-Mg,Ca,Sr,Ba) at

room temperature under mainly 366 ran excitation. * denotes the spectral radiant

power in arbitrary units.
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Fig.2. Emission spectra of compounds A2MgW 99?U 003°6 (A"Ca»Sr«Ba) a t

room temperature under mainly 366 ran excitation. * denotes the spectral
radiant power in arbitrary units.
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Table I. Some luminescence properties of uranium-activated oxides AjBB'O,. Ionic radii of A and B ions are given

following ref.12. The quenching temperature of the emission was determined by exciting into the maximum

of the long wavelength u.v. excitation band.

host lattice

A2BB'O6

Ca2MgWO6

Sr2MgWO6

Ba2MgWO6

BaiCaTO,

Ba^SrWOg

BajBaWOg

Ba22nW06

Ba2GdWO6

Ba-CaMoO,
Z 6

Ba2ZnTe0,

maximum of the

emission band

(nm)

508

504

514

507

512

524

536

532

510

521

max. of the long

wavelength u.v. excitation

band (nm)

335

340

~365

338

345

340

380

357

a)

370

quenching

temperature

T I / 2 (K)

340

340

350

300

230

180

220

240

210

260

ionic radii(A)

A cation

XII coord.

1.35

1.40

1.60

J.60

1.60

J.60

1.60

K60

B cation

VI coord.

.72

.72

.72

1.00

1.13

1.36

.75

.95



Table I (continued)

SrLaLiWO,o

SrLaNaWO,
0

BaLaLiWO,

BaLaNaWOg

Ca2MgTeO6

Sr2MgTeO6

Ba2MgTeO6

Ba-CaTeO,

Ba-SrTeO,Z o

SrLaLiTeOg

SrLaNaTeO,

BaLaLiTeOg •

BaLaNaTeCL

535

518

538

545

502

495

509

504

508

534

522

548

534

340

339

354

346

324

333

360

335

341

332

334

346

340

340

250

240

160

r(La3+) =

1.40

1.40

1.60

1.60

1.32 &

.74

1.02

.74

1.02

a) see text.
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position of the excitation band in the long wavelength u.v. region

is also presented (see fig.3). The excitation spectra of the

compounds have been discussed in ref.l. The uranate emission

shifts to longer wavelengths if the cation B has a d configuration

(Cd or Zn ).

At lower temperatures and under short wavelength u.v. excitation

a number of uranium-activated tungstates showshost lattice emission.

As an example the emission of Ba^CaWOg-U at LNT is given in fig.4.

The presence of tungstate emission indicates that the energy transfer

from tungstate to uranate groups is not efficient enough to quench

the host lattice emission completely. At LNT tungstate emission

is also oberved for the uranium-activated host lattices Ba ZnWO,,

Ba„SrtfO,, Ba„CdWO,, Ba„WO, and Ca„MgWO,. The energy transfer from
Z 0 / O J 0 Z O

tungstate to uranate groups is discussed in more detail in (10).

The quenching temperature T. ,_ of the uranate emission is very

sensitive to the nature of the surroundings {"£. ,_ is defined as

the temperature at which the emission intensity has decreased to

half of its maximum value). The influence of the host lattice on

T ,_ is rather regular as can be seen from table I and fig.5,

for the alkaline-earth tungstate«:the influence of the B ions

is considerable, while the A ions do not affect the quenching

temperature markedly. To account for this we use the configurational

coordinate diagram drawn schematically in fig.6.

In this figure two excited states have been drawn corresponding

with excitation into the long wavelength u.v. excitation band and the

visible excitation band. These have been assigned to the t. ->-f
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Ba2CaWQ997uo003O6

(LNT)

350 400 450 500 550 600 650
X(nm)

Fig.4. Emission spectrum of Ba„GaW Q Q 7 Ü Q 003°6
 at LNT for 254 nm excitation*

* gives the spectral radiant power in arbitrary units.
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Fig.6. A schematic configurational-coordinate diagram of the

levels, vizt the ground state (6.S.) and two excited states

octahedral UO, group. Drawn parabolas refer to some relevant

(t. •* f CTS and t]u CTS).
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CTS and to the t. •* f CTS, respectively (1). All compounds have

almost the same emission so that the latter charge transfer state,

from which the emission takes place, is not much influenced by the

surroundings. The quenching temperature, however, is determined

especially by the t. •+ f CTS. The quenching temperature of the

emission increases if the excitation band corresponding with this

transition shifts to higher energy. This has been concluded from

the uranate luminescence in crystallographically different host

lattices (11).

In this model the probability for radiationless decay to the

ground state increases for higher temperatures. The quenching

temperature depends on the position of the cross-over C. In our

host lattices T #„, and therefore C, appears to be more sensitive

to the surroundings than the long-wavelength u.v. excitation band

(see table I)• We have studied the temperature dependence of the

emission intensity by exciting into the t. •»• f CTS.

The displacement Ar (see fig.6) corresponds with an expansion

of the U0- octahedron upon excitation. Uranium is substituted for

tungsten at a lattice site which is somewhat top small to accomodate

the uranium ion easily (compare the ionic radii of Ü and W + for

six-coordination, viz. 0.73 & and 0.60 X, respectively (12)). The

surroundings of the uranate centre have to expand to accomodate this

centre, even if it is in the ground state. A further expansion of

the UOg octahedron in the excited state will be strongly resisted by

the lattice.
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As regards the host lattices with alkaline-earth ions on the

A and B positions the quenching temperature of the emission depends

in a regular way on the B cations. A small B cation will give the

host lattice a relatively large bonding strength. In such a rigid

lattice Ar will be relatively small. This results in a high

quenching temperature. If the size of the B cation increases the

quenching temperature will decrease. This relation is observed

for the emission from the uranate centres in the compounds Ba_BWO,-U
L b

(B = Mg, Ca, Sr, Ba).

The cations on the A position influence the quenching temperature

less markedly. This agrees with the fact that the expansion of

the UO, octahedron is more restricted by the ions in the [ lOOl

direction than by those in the [111] direction.

A ïsgular influence of the surroundings on the luminescence

quenching temperature has not yet been reported before in such

detail. This is due to the afore-mentioned advantages which are

offered by the crystal structure of the host lattice. Kroger has

reported the temperature quenching of the luminescence of tungstates

with scheelite structure (13). We give these quenching temperatures

together with our results in fig.7 as a function of the ionic

radius of the B cation. Note that the ionic radii for eight-and

six-coordination have been used for the scheelites and the perovskite

host lattices, respectively. Obviously the quenching temperature

óf the tungstate emission of scheelites is more sensitive to the
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Fig.7. Quenching temperatures of the tungstate emission of compounds

AWO^ (A=Ca,Sr,Ba) (ref.i3) and of the uranate emission of compounds

Ba2BW0.997U0.003°6 (B"M8»Ca»Sr»Ba) < t h i s w o r k) a s a function of the radii

of the ions A and B, respectively. Ionic radii for eight- and six-coordination

have been used (ref.I2).
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Ba2CdWO6-U. (LHeT)

Fig.8. Emission spectrum of Ba
2
cdWo.997Uo.OO3°6 at LHeT undeX mainly 366 ^

excitation. * denotes the spectral radiant power in arbitrary units. The
assignment of some vibronic lines is shown (see Chapter II).



surroundings than the uranate emission in perovskites.

As mentioned before the emission of the octahedral uranate

group shows vibrational fine structure at lower temperatures (1).

As an example we give the emission at LHeT of Ba2CdW_ gQ7
Un 003^6

in fig.8. Under identical experimental circumstances the pattern is

not always equally well .^solved. The lines are equally well

resolved in the emission of the magnesium-containing compounds,

but they are less sharp in those of the other compounds. The'

fine structure is fading away for the compounds with lower quenching

temperatures. This may be correlated with the expectation that

vibrational fine structure will be less resolvable, the larger the

value of Ar (14). An additional feature of the vibrational fine

structure, viz. a repetition of the one-phonon part as an extra

coupling with the vi(A. ) vibrational moda suggests that Ar is greater

in the [ 100] direction (15). This corresponds with the observed

dependence of the quenching temperature.

Let us now compare the quenching temperature of the emission

from the uranate centres in Ba„ZnW0, and Ba-CdWO, (see also fig.9)
/ o l o

with those in Ba.MgWO, and Ba.CaWOg, respectively. The ionic radii

of Zn2+ (0.75 8) and Mg2+ (0.72 8) and those of Cd2+ (0.95 % and

Ca (1.00 X) are comparable (12). In view of this the differences

between the quenching temperatures cannot be explained by the values

of the ionic radii of the B cations. These are illustrative

examples that the quenching temperature is not only influenced by

the ionic radius of the surrounding ions, but also by the polarizability
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2+ 2+ 10
of these ions. This is larger for the Zn and Cd ions with d

2+ 2+
configuration than for the Mg and Ca ions, respectively.

A. highly polarizable surroundings will not resist the expansion

of the uranate group effectively.

This description of the influence of the surroundings on the

quenching temperature cannot be complete. Especially T. ,, f° r

Ba_ZnW0,-U is too low. Up to now we have assumed that the quenching
2 6

temperature is influenced only by Ar and that the energy differences

between the ground and excited statesremain constant. From the

experiments, however, we find that the emission and the excitation

band in the long wavelength u.v. region ly at lower energies if the

host lattice contains a cation with d configuration so that

probably the t. •*• f CTS will be closer to the ground state. The

cross-over C will also be influenced. This may be the reason that

the quenching temperature of the luminescence of the uranate centre

in Ba-ZnWO, is relatively low.

The quenching curves of the emission of uranium-activated

tellurates have a very,long quenching traject (see fig.13). This

emission, however, is still observed at much higher temperatures

than the quenching temperature of the corresponding uranium-activated

tungstates. Summarizing the results concerning the spectra of the

uranium-activated tellurates it can be remarked that the emission and

excitation bands have been observed in the same spectral regions

as for the corresponding uranium-activated tungslates (see fig.10).
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The bands observed in the spectra of the former compounds, however,

are shifted somewhat to shorter wavelengths (see table I). This

difference may possibly contribute to the fact that the emission

of the uranate centre in the tellurates is still observed at much

higher temperatures than the quenching temperature of the corresponding

uranium-activated tungstates.

The host lattice absorption of the tellurates A2BTeCL could not

be well established. The absorption spectra show a long tail to the

visible, which is probably due to the presence of defects. The long

quenching traject of the emission intensity is another indication

for this. For these reasons we have not used the tellurate host

latticesas model compounds.

The quenching temperature of the emission of the uranate centre

in Ba~CaMoOfi (see fig.9) is lower than expected from the value

obtained for uranate in Ba-CaWO,. The ionic radii of Mo and W

are equal (12). So, this does not explain the-difference between

the quenching temperatures. The absorption edges of Ba„CaMoO,

and Ba„CaWOg, however, are rather different. The absorption edge

of Ba CaMoOg is shifted to considerably longer wavelength, so that

the molybdate absorption overlaps the uranate absorption in the long

wavelength u.v. region. Energy transfer from the host lattice

to the uranate group is very improbable, since the host lattice

shows only a very weak luminescence, situated in the red (16). In

conclusion the greater part of the absorbed radiation will be lost

by radiationless processes in the molybdate groups. Since the



59

uranate group absorbs in a region where the host lattice absorption

at RT is very high, the value of T. .„ cannot be interpreted in

terms of radiationless decay in the uranate group.

3 b. A LaB B*0, host lattices

3+ 2+
In this type of host lattices the La and A cations (A • Sr or

Ba) are distributed in a disordered way among the lattice sites

with twelve-coordination (17). Due to this disorder we may expect

the presence of several, slightly different uranate centres. This

is reflected in our observations. The decay curve of the emission

must be described by more than one exponential. The decay time

will be shorter if the deviation from inversion symmetry is larger.

This has been pointed out elsewhere (18).

In the region where the host lattice tungstate absorption

is strong, no clear excitation band is observed (fig.11). So,

the energy transfer from tungstate to uranate groups is not as

efficient as in some A-BVIOg-U compounds. In accordance, at lower

temperatures the emission spectra of ALaBWO,-U all show intense

tungstate emission under short wavelength u.v. excitation. Moreover,

the uranate emission does not show a pronounced fine structure. This

may be due to the presence of several, different uranate centres. The

emission of these compounds is shifted to longer wavelengths

compared with that of the compounds A-BWO^-U (see fig.12 and table I).

The quenching temperature of the emission depends on the host

lattice in the same way as mentioned before (fig.13 and table I).

The emission is quenched at higher temperatures if the B cation is
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or Na) at room temperature under mainly 366 ran excitation. * denotes the spectral

radiant power in arbitrary units.
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smaller, i.e. the emission from the uranate centre in the lithium-

containing compounds quenches at higher temperatures than in the

sodium-containing compounds. Note that the influence of the A cation

is more pronounced than in the case of the A BB'O, host lattices.

But again a smaller cation results in a higher quenching temperature.

The compounds SrLaNaWO, and SrLaNaTeO. have not been reported

in the literature before. Both have an orthorhombically distorted,

ordered perovskite structure. From X-ray powder patterns we found

the following lattice constants: for SrLaNaWO, a = 5.90 &,
D

b = 5.67 X, c = 8.08 A*, and for SrLaNaTeOg a = 5.85 8, b = 5.70 8,

c = 8.12 X. At RT the emission from the uranate centres in these

host lattices is shifted to the short wavelength side (table I).

At lower temperatures the emission of SrLaNaWQ ggj^n no3°6 shows a

considerably more pronounced fine structure (see fig.14) than the

emission of the uranate centres in the other ALaBB'O, host l?ittices.

This is not in accordance with the quenching temperatures, a relation

we mentioned in section a. At LHeT this emission has a vibrational

pattern which differs completely from the vibrational patterns

observed in the other ordered perovskites. This pattern (fig.14)

shows a striking similarity with that of the uranyl emission as

described by Hoffman for uranium in SrZnP2O7 (19). At LHeT the emission

of SrLaNaTeQ 997
Un 003°6* h o w e v e r» does not show a clear vibrational

fine structure. The nature of the emitting centre in the tellurate

is unknown; in the tungstate it is probably a uranyl centre. It

is not clear why this centre occurs in this special host lattice.
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Fig. 14. Emission spectrum of SrLaNaW. OQ,U_. n n , 0 , at LHeT under mainly 366 nm excitation.
uys»/ U«UUJ o$ denotes the spectral radiant power in arbitrary units.
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Ba2ZnTeQ gqjOQ 003°6" ^ ^ ^ y ̂ 66 mn excitation.
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the spectral radiant power in arbitrary units.
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in accordance with arguments given before. Since the luminescence

properties of Ba-ZnTeOg-U correspond well with those of Ba_ZnWO,-U

and the compound Ba,,ZnUO, has the cubic perovskite structure (3),

and not the hexagonal structure of Ba„ZnTeO, we presume that the

uranium ion occupies preferably those octahedra which share corners

with neighbouring ZnO, octahedra. This is in accordance with

rules given before (9).
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CHAPTER IV

ENERGY TRANSFER BETWEEN OCTAHEDRAL TUNGSTATE AND URANATE GROUPS

IN OXIDES WITH PEROVSKITE STRUCTURE

1. INTRODUCTION

Efficient green emission has been reported for the octahedral

uranate group in ordered perovskites with general formula

A2BB'O6 (A = Ca.Sr.Ba; B = Mg.Ca.Sr; B' = Te,W) (1). The excitation

spectrum of this luminescence shows two bands in the u.v. region.

The one at lower energy arises from direct excitation of the

uranate group. The band at higher energy is broad and arises from

excitation of the tungstate groups, followed by energy transfer

to the uranate group. Emission spectra show that, dependent on

the host lattice, this energy transfer does not always quench

the tungstate emission completely. Upon excitation in the tungstate

host lattice groups at 77 K the compounds A„BW0 007^ OQ3°5

(AJB = Ba Ca, Ba„Sr and Ca,Mg) show green uranate as well as

blue tungstate emission. The tungstate emission of perovskites

with A_B = Ba-Mg and Sr„Mg, however, is completely quenched by

0.3 % uranium.

In the compounds mentioned excitation of the tungstate group

can be followed by one or more of the following processes:
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a. radiative emission from the tungstate group with probability

•5-
b. non-radiative decay; this process is neglected, because the

measurements were made at temperatures where the quantum

efficiency is high.

c. transfer of the excitation energy to another tungstate group

with probability P^.

d. transfer of the excitation energy to a uranate group with

probability P^j this process is followed by radiative

emission from the uranate group.

It is the purpose of this Chapter to report on energy

transfer in ordered perovskitesaccording to process d, but as a

consequence a study of process c has been included.

2• EXPERIMENTAL

Energy transfer was studied in the ordered perovskites

A2BB'O6 and, in more detail, in
 S r2 Mê T ej_ x_ y

w
x
ü
v°5 (y = 0.003,

0.01 < x <0.75). Samples were prepared as described before (1).

The presence of tungéten and uranium in the tellurium host lattice

does not change the crystal structures nor the lattice parameters.

All measurements were performed as described before (1).

3. RESULTS AND DISCUSSION

Our results indicate that we are not dealing with radiative

transfer. With increasing uranium concentration no reduction of
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the tungstate emission band in the spectral overlap region was

observed.

The theory of non-radiative energy transfer has been given

by Förster (2) and later, in an extended form, by Dexter (3).

We consider only energy transfer by electric dipole-dipole

interaction in view of the allowed nature of the transitions

involved and the large distances between the relevant centres

(see below). The probability of dipole-dipole energy transfer

from a tungstate to a uranate group is given in good approximation

by the following expression:

P (dd) » 0.63 x 1028 F„(E)fïï(E)dE (1)

where the values of the constants have been inserted, rTTn is

in X units, T„ in seconds, E in eV and Q„, which is related

to the oscillator strength, P , of the absorption transition

in the uranate group in cm eV (4).

If the probability of"tungstate emission (P„ = T )

equals the probability of energy transfer from a tungstate

to a uranate group (P™)» eq.(l) yields:

(E)dE (2)

R is called the critical distance at which P._, = P,,.c WU W

The value of R is not very sensitive to small changes in the

spectral overlap or the oscillator strength.
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The uranium concentration in our samples amounts to 0.3 mol %,

so that concentration quenching can be neglected (5). If the

probabilities of non-radiative decay and tungstate-tungstate

energy transfer are negligible, the ratio B„ / P ™ will be

equal to the ratio of the quantum efficiencies of the tungstate

emission and the uranate emission. This ratio will not depend

on the tungsten concentration as long as the uranium concentration

is fixed and the assumptions mentioned remain valid. In fig.1

the ratio of the quantum efficiencies is given as a function

of the tungsten concentration for excitation with 4.13 eV

(tungstate excitation, 300 nm). Up to about x = 0.1 this ratio

is constant, sc that P.-, is in fact negligible. The ratio

is about 0.4. Together with the value" öï'y this yields for the

critical distance, R , the approximate value of 25 %. For

higher tungsten concentrations the ratio decreases drastically

(see fig.l). This is probably due to the occurrence of energy

transfer between the tungstate groups mutually. Above x = 0.1

the average shortest W-W distance in the samples becomes less

than twice the shortest W-W distance in the crystal structure (5.5 X)

In view of earlier work on tungstate.? (6,7) it is nevertheless

surprising that tungstate-tungstlte transfer proceeds over distances

of this order of magnitude.

The critical distance for tungstate-uranate energy transfer

has also been calculated with formula (2). Tba blue tungstate

emission overlaps considerably with the uranate excitation

band. In order to calculate the spectral overlap we have fit the
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high-energy side of the tungstate emission band with a Gaussian.

The spectral overlap between the tungstate emission and the
mm 1

uranate excitation band is 0.22 eV and E = 3.50 eV. Table I

gives the relevant results. The oscillator strength of the

uranate absorption band is unknown. In the course of our

study or. the uranate luminescence we have found this absorption

to be an allowed transition (5). We assume the oscillator strength

to be 0.05. The influence of the choice of F on the critical

distance is shown in table I. As is to be expected, the overlap

at 5 K is smaller and so is the critical distance. The value

of R obtained in this way agrees well with that obtained from the

quantum efficiency ratio. We conclude that energy transfer

from tungstate to uranate proceeds over large distances.

The low-energy side of the tungstate excitation band

has also been fit with a Gaussian. The critical distance calculated

for the tungstate-tungstate energy transfer is given in table I too.

At 5 K this overlap is very small ( <10 eV ), so that the

probability for energy transfer by dipole-dipole interaction

between groups mutually will be low. Although the values for

Rc at room temperature are not very reliable, the results of

this calculation confirm the occurrence of tungstate-tungstate

energy transfer deduced from fig.1.

Finally we turn to the other perovskite systems. Table II

shows the position of the maximum of the tungstate emission band

in tellurium-diluted perovskites (8) and the position of

the maximum of the uranate excitation band (5). Comparing the



79

Table I: Summary of the calculations of the tungstate-uranate energy transfer

at 29 5 K and 5 K and the tungstate-tungstate energy transfer at

295 K for

Temperature (K)

Overlap (eV )

E (eV)

PD

0.01

0.05

0.1

W-U

295

0.22

3.50

Rc(&)

19

25

28

transfer

5

o.io5

3.50

Rc(A)

17

22

24

0.

0.

0.

01

05

1

W-W transfer

295

5 x 10~4

4.03

Rc(X)

6

8

9

Table II: Position of the maxima of the uranate excitation band

and the tungstate emission band in some ordered perovskites

A2BTe06

A

Sr

Ba

Ba

Ba

B

Mg

Mg

Ca

Sr

Ü . ... (eV)excitation

3.7

3.4

3.7

3.6

W . . (eV)emission

3.05

2.95

2.8

2.6

difference (eV)

0.65

0.45

0.9

1.0
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given data with those of the perovskite Sr-MgTeO^ it is certain

that in Ba^MgWO, energy transfer from tungstate to uranate

occurs over even larger distances than in the strontium compound

(larger spectral overlap). This explains the absence of tungstate

emission in Ba?MgWOfi-U upon excitation into the tungstate groups.

For the other perovskites the overlap will be less than in

Sr2MgTe0, and energy transfer will be restricted to smaller

distances, so that the appearance of tungstate emission is

not unexpected. In accordance with these results the intensity

ratio of the short and long wavelength excitation bands of the

uranate emission diminishes with decreasing overlap (5).

As a final remark we can state that we have given evidence

for energy transfer between tungstate groups. This has been

confirmed by the occurrence of concentration quenching of the

tungstate emission in systems A9BTe,_ W 0, (8). These phenomena

have not been reported before for tungstate8.
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CHAPTER V

THE NATURE OF THE EMISSION TRANSITION OF THE OCTAHEDRAL URANATE GROUP

Decay times of the green luminescence of U6+ in oxides with perovskite structure are reported. The influence of the site
symmetry is found to be considenbte. The temperature dependence of the decay time gives evidence for a coupling of the
electronic transition with a phonon of about 200 cm"1 in the excited state. The results shew the emission tc originate from
a parity-forbidden transition, vibronically allowed by coupling with vibrations of ungerade symmetry.

1. Introduction

Recently we have reported the luminescence of
hexavalent uranium in oxides with ordered perovskite
structure [1 ]. These compounds show an efficient
green luminescence. At present a more detailed study
of the luminescence mechanism has heen carried out.
In this note we report on the nature of the transition
responsible for the emission.

Up to now only the electronic transitions in the
uranyl ion (UO2) have been discussed thoroughly
[2,3]. In general its emission is assumed to be a spin-
forbidden triplet-singlet transition [2]. Jtfrgensen,
however, has argued that it has no meaning to speak
about singlet or triplet states [4]. For a fluorescing
level of CaF2: U*"+ Manson et al. have measured the
Zeeman splitting [5]. Their analysis shows the zero-
phonon emission line to be a pure magnetic dipole
transition. The emitting centre has been shown to
have threefold symmetry. From the absence of electric-
dipole intensity it is assumed to have a centre of sym-
metry. They could not decide definitely between a
VO2* and a UOg~ group as the emitting centre

We are considering the luminescence of the
group in oxides with ordered perovskite structure.
The emitting centre in this type of compounds oc-
cupies a site with inversion symmetry. As mentioned
earlier this emission shows vibrational fine structure
at low temperatures [1J. The vibronic lines can be as-
signed to a coupling of the electronic transition with

ungerade vibrational modes [6], Together with the
long decay time reported before, this points to a parity-
forbidden electric-dipole transition.

The parity selection rule can be relaxed by a per-
manent non-centrosymmetric distortion or by coupling
with ungerade vibrational modes. In this note the in-
fluence of the former is considered by studying the
luminescence decay in a series of compounds with in-
creasing deviation from cubic site symmetry, whereas
the influence of the latter is found from the tempera-
ture dependence of the decay time.

2. Experimental

We have measured the decay time of
SrLaNaWg 997 Un 003O6 anc* °f compositions with
the general formula A2BW0 997U0 0 0 3O 6 (A = Ca, Sr,
Ba; B = Mg, Ca, Sr, Zn). Powder samples were pre-
pared and checked as described before [1 ].
SrLaNaW0 9 9 7U0 0 0 3O5 was fired at 900°C for about
7 hours. This is a new compound which is related to a
series of ordered perovskites with cubic crystal struc-
ture reported by Brixner [7]. In contrast with these
SrLaNaWOg has an orthorombic structure. The lattice
parameters are a = 5.80 A, ft = 5.67 A and c = 8.08 A.

The samples were excited with a pulsed Xe-lamp
(pulse width ±1 us), along with a 366 nm Balzers nar-
row band interference filter. By using this combination
we excite directly into the uranate group. The relevant
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Tablet
Decay time of the luminescence or U6* in oxides with perovskite structure at LNT. Mainly 366 nm excitation. All compounds
contain 0.3 mol percent U&*

BajMgWO6

Ba2ZnWO6

Ba2CaWO6

Ba2SrWO6

255MS
260MS

2 4 0 MS

2 0 0 MS

Ba2MgWO6

SrjMgWOs
Ca2MgWO6

2 S S M S
2 4 5 MS
2 2 0 MS

SrLaNaWO6

Ba2Lii .jWo gO6

<155MS
10 and 80 MS 1121

absorption is an allowed transition. In the emission
beam a Balzers broad band interference K3 filter was
placed, which has a maximum transmission for the
emission. The emission intensity was measured with a
photomultiplier and the time dependence was dis-
played on the screen of a sampling oscilloscope. For
averaging and storing of the signal use was made of a
waveform eductor.

For BajMgWg 9 9 7 U 0 OQ306 we have measured the
temperature dependence of the decay time. The
sample was mounted in a liquid helium flow cryostat
(Oxford CF 100). The temperature could be adjusted
between liquid HeT and RT by varying the flow rate.

The decay time of the other samples was measured
at LNT. We used a home-made cryostat, which was
cooled by thermal contact with a liquid nitrogen bath.

3. Results

In table 1 decay times are given for numerous com-
positions at LNT. The decay curves can be described
by single exponentials. Only for SrLaNzWQ 997 Uo 003 O6

a sum of several exponentials gives a better agreement
with the experimental curve. The longest decay time
was 155 fis, the others were shorter.

The temperature dependence of the decay time of
Ba2M8W0.997U0.003°6 i s 8've"»« fig-1 together with
the temperature dependence of the emission intensity.
Note that the decay time decreases in a region where
the emission intensity is constant.

4. Discussion

The emission of the compounds studied shows
vibrational fine structure at lower temperatures. We.
can distinguish a well-defined one-phonon part. It fol-
lows from our assignment that the vibrational modes
involved are the ungerade internal modes of the U

XX) 200 300 4 0 0
T(K)

Fig. 1. Temperature dependence of the decay time r and the
intensity / of the green emission of BajMgW0-997U0.0O3O6.
Mainly 366 nm excitation.

group [6]. Vibrational spectroscopie studies of com-
pounds with ordered perovskite structure have shown
that we may consider the UO|~ group as an isolated
molecular group with its own internal vibrational
modes, corresponding with those for an octahedron
[8,9]. For such a group there are three modes with
"ungerade" symmetry, viz. K3(T,U),-ftCTiu)'and
"6(T2 u). Coupling of the pure electronic transition
with one of the three ungerade modes is an indication
for a parity-forbidden electric-dipole transition.

Astatic removal of the centre of symmetry can
also relax the parity selection rule. For the given com-
pounds vibrational spectroscopie results are available
[10]. From these we learned that an increasing broaden-
ing of the two IR active bands appeared from top to
bottom in table 1. A broadening of these bands is due
to a deviation from cubic symmetry which lifts the
threefold degeneracy of these modes. A deviation
from inversion symmetry may be the result. We see
from table 1 that in the series A2BWO6-U the decay
time decreases with increasing deviation from cubic
symmetry.
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Note that the measurements were made for a con-
centration where concentration quenching is negligible
and at a temperature where temperature dependent
radiationless decay can'be neglected [6] .

For SrLaNaW0 997ÜO 0O3O6 we have found more
than one decay time. This is the resuk of the presence
of Uof~ groups with different surroundings. In the
IR spectrum of this compound a weak additional ab-
sorption band is observed at the same frequency where
the j/j(Ajg) is observed in the Raman spectrum. This
points to the mixed occupation of the larger cation
sites by Sr2+ and La3+ ions which causes a deviation
from inversion symmetry at thé site of the hexavalent
ion [11]. A great variety of luminescent centres with
different surroundings is the result. This explains the
relatively short decay times and the occurrence of
more than one decay time.

It is interesting to note that in BajIJ^ 2W0 sOg-U,
a compound with perovskite-like structure, two decay
timss have been found, viz. 10 and 80 jus [ 12]. Due
to the sequence of the BaO3 layers in this crystal
structure here are two different sites for the hexa-
valent metal ions, both with site symmetry C3V.
These short decay times extend the relation of table 1.

Further evidence for the presence of a parity-for-
bidden transition can be gained from the temperature
dependence of the decay time. First of all one should
note that the influence of the temperature on the
decay time differs markedly from that on the lumines-
cence intensity (fig. 1). While the latter is still con-
stant, the former decreases. The excitation takes place
by an allowed electronic transition. The slight tem-
perature dependence of this process can be neglected.
With increasing temperature the occupation of vibra-
tional levels in the excited electronic state increases.
The possibility for coupling with an ungerade vibra-
tion in the excited state becomes larger. The parity-
selection rule will be more relaxed dynamically and a
decrease of the decay time is the result. The tempera-
ture dependence of the transition probability for a
vibronically allowed transition is contained in a factor
[expQivJkT) - I ] " 1 , as described by Di Bartolo
[13]. Here ca is the frequency of the phonon which
is involved in the coupling.

Analysis of the results with this relationship gives a
very good agreement for temperatures below 120 K.

We have succeeded in a fit using a va of about 200 cm~ l .
This ungerade vibration is probably the «'6(T2u) inter-
nal mode. This vibration is IR inactive. The frequency
of this mode found from the vibTational pattern in
the emission of Sr 2MgW 0 9 9 7U 0 0 0 3O 6 (240 cm"1) is
a litile higher than the i>a frequency [6], This dif-
ference can be explained by the fact that the latter
corresponds to a vibrational mode in the excited state.

In conclusion we may state that we have given
strong evidence for a parity-forbidden transition in
the emission of the UOg~ group. It is possible that
for the UO2

+ group the electronic transition respons-
ible for the luminescence has to be considered in the
same way.
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SAMENVATTING

Dit proefschrift handelt over de luminescentie van de

oktaedrische U0,~ groep in oxides met geordende perovskiet struktuur
o

met algemene formule A.BB'O,. Hoofdstuk I geeft een korte inleiding

en beargumenteert de keuze van het moederrooster.

In hoofdstuk II worden de elektronische overgangen die bij de

luminescentie van de UO, groep betrokken zijn bediscussieerd.

De gemeten emissie- en excitatiebanden zijn toegekend aan overgangen

binnen de UÔ  groep. Bij excitatie vindt ladingsoverdracht plaats
D

vanuit een orbital met hoofdzakelijk zuurstof karakter naar de

lege 5f orbitalg van het zeswaardig uranium ion. Uit de vibratie-

f ijlst ruk tuur volgt dat de emissie móet worden toegeschreven aan een

pariteitsverboden elektrische dipoo lover gang 5f -> t. die vibronisch

toegestaan wordt door een koppeling met de oneven vibraties van de
UO, oktaeder. Dit wordt bevestigd door de temperatuurafhankelijkheido

van de decay tijd. Een duidelijk verschil ia patroon tussen de

vibratiefijnstruktuur in de emissies van de uranyl (U0„ ) groep

en van de UO, groep wordt aangegeven. Aan het slot van hoofdstuk II

wordt uit metingen als funktie van de uranium concentratie geconcludeerd

dat energieoverdracht tussen uranaat groepen onderling plaats vindt

over een afstand van ongeveer 25 X. Het vibratiefijnstruktuur-

patroon blijkt ook van de concentratie afhankelijk te zijn.

Hoofdstuk III beschrijft hoe de luminescentie van de oktaedrische

uranaatgroep wordt beïnvloed door de chemische opbouw van zijn
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omgeving in het kristal . Met name de dooftemperatuur van de emissie

blijkt hierdoor sterk bepaald te worden. Deze dooftemperatuur

wordt sterker beïnvloed door de B kationen dan door de A kationen.

De gevonden variaties worden geïnterpreteerd aan de hand van een

configuratiecoordinaat model. Behalve in moederroosters A.BB'O,
l 6

(A en B zijn tweewaardig, B' is zeswaardig) werd het gedrag van de

luminescentie van de UO, groep ook bestudeerd in de moederroosters
o

A La B+B'CL. Hierbij bleek merkwaardigerwijze in SrLaNaWO,-üo o

de uranylgroep verantwoordelijk te zijn voor de luminescentie.

Hoofdstuk IV handelt over de efficiënte energieoverdracht

van de wolframaatgoepen in de moederroosters naar de uranaatgroep.

Bovendien wordt daar het bewijs geleverd voor het optreden van

energieoverdracht tussen wolframaatgroepen onderling.

Tenslotte geeft hoofdstuk V nog enkele details van de

temperatuurafhankelijkheid van de decay tijd van de UO, emissie.

Hieruit volgt dat de emissie overgang een pariteitsverboden

elektrische dipoolovergang is, hetgeen wordt bevestigd door het feit

dat de decay tijd afhankelijk is van de puntsymnetrie van uranium

in UO, groepen in diverse moederroosters.
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SUMMARY

After & general introduction in chapter I the luminescence

characteristics of the octahedral uranate group are described in

chapter II. Bands in the excitation spectra are assigned to charge-

transfer transitions from ligand m.o.'s to the 5f state of the

hexavalent uranium ion. The emission is a parity-forbidden electric-

dipole transition 5f •* t which is vibroaically allowed by coupling

with the ungerade vibrational modes of the Ü0, octahedron.

This is confirmed by the dependence of the decay time on temperature.

Attention is paid to the difference between the vibrational patterns

in the emission of the UO, and the UO- groups. From measurements

as a function of the uranium concentration it is deduced that

energy transfer between uranate groups mutually proceeds over some 25 X.

This explains also why the vibrational pattern in the emission

spectra depends on the uranium concentration.

Chapter III describes how the luminescence properties of the

octahedral'uranate group are influenced by the chemical constitution

of its environment. Especially the quenching temperature of the

emission is very sensitive. It is stronger influenced by the nature

of the neighbouring B cations in the [ 100] direction than by the

A cations in the [ill] direction. This variation of the quenching

temperature as a function of the chanical constitution of the host

lattice is discussed in terms of a configurational coordinate model.
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The luminescence properties of uranium-activated oxides

A La B B'O, are also discussed. Remarkably enough ino
2+

SrLaNaWO,-U the luminescence originates from U0o groups,
o i-

Effective energy transfer takes place from tungstate octahedra

to the uranate centre in ordered perovskites. This phenomenon

is described in chapter IV. The critical distance for this

energy transfer process is about 25 X. There is a good agreement

between the experimental results and theoretical estimations.

In addition evidence is given for the occurrence of energy transfer

between tungstate groups mutually.

Finally chapter V gives some more details on the temperature

dependence of the decay time of the UO, luminescence. From these

it follows that the emission transition is a parity-forbidden

electric-dipole transition, which is confirmed by the dependence of

the decay time on the site symmetry of uranium in UO, groups

in several host lattices.
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