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AB STRACT 
The luminescence of Mn 2+, Bi 3+, Ce 3+ and Tb 3+ in GdMgB5010 and 
some codoped materials is reported. Energy transfer rates are 
derived from the experiments. The Bi3+ ÷ Gd3+ and Gd3+ ~ Bi3+ 
transfer rates are about equal at room temperature. The excita- 
tion energy is able to migrate among the Gd 3+ sublattice. The 
Ce 3+ ion is a good sensitizer for this sublattice. By diluting 
the Gd 3+ sublattice with La 3+ ions, the energy migration in Gd3+ 
zig-zag chains was blocked and interchain energy transfer occur- 
red. Very efficient phosphors can be obtained by using Ce3+ as a 
sensitizer, the Gd 3+ sublattice as an intermediary and Tb 3+ as an 
activator. 

Introduction 

The crystal structure of LaMgB=OI0 has been described recently (I). 

It contains linear zig-zag chains of La 3+ ions. The shortest La 3+ -La 3+ 

intrachaln-distance is about 4 A, the shortest interchaln-distance about 

6.4 A. The same structure is observed for these borates with smaller 
lanthanide ion down to Er 3+. 

Recently we have described the Bi 3+ and Mn 2+ emission in LaMgB5OI0 , 

together with some energy transfer phenomena (2). In this paper we report our 

results for GdMgB=OI0. Similar activator ions were investigated, vlz. Mn 2+, 
3 +  J 3 +  

BI , and in addition Ce and Tb 3+. One of our alms was to detect energy 

migration in the Gd 3+ sublattice which may be one-dimensional. Such one- 

dimensional energy migration has been observed for EuMgB5OI0 and TbMgB5010 

(3). It turned out that several interesting energy transfer phenomena appear 
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in GdMgB5010. The one-dimensional character was lost upon diluting the Gd 3+ 

sublattice with La 3+. After completing this work we became aware of work by De 

Hair and Van Kemenade on the role of similar materials in fluorescent lamps 

(4). 

Experimental 

The experimental techniques were the same as described before (2). 

Results and discussion 

GdMgBsOIo : Mn 

The Mn 2+ ion in GdMgB5010 replaces Mg 2+ which has a distorted octahedral 

coordination. It gives a red emission, the spectral energy distribution of 

which is equal to that of Mn 2+ in LaMgB5010 (2). The excitation spectrum, 

however, is different because we observe, in addition to the characteristic 

Mn 2+ bands (2), strong excitation bands which are due to Gd 3+, viz. the 

transitions 8S ÷ 6p, 61 and 6D. Th~s shows that excitation into the Gd 3+ ion 

results in Mn 2+ emission, i.e. Gd 3+ + Mn 2+ energy transfer occurs. 

At room temperature (RT) the total emission for Gd 3+ excitation consists 

of 96% Mn 2+ and 4% Gd 3+ emission for a sample with I% Mn. The Gd 3+ 

emission (6p ÷ 8 S at about 315 nm) overlaps the Mn 2+ absorption bands (2) in 

an unfavourable way. In connection with the low oscillator strengths of the 

optical transitions involved, this restricts the Gd 3+ ÷ Mn 2+ transfer to very 

short distances, probably nearest neighbours only (3.6 A, ref. I). If the 

transfer occurs by exchange, it will be restricted to short distances also. 

The high amount of Mn 2+ emission at RT, together with the short distance range 

of the Gd 3+ ÷ Mn 2+ transfer, shows that energy migration among the Gd 3+ 

sublattice occurs. 

Unfortunately we were not able with the present set-up to measure the 

decay times of the Gd 3+ emission. It seems not unreasonable to assume that the 

radiative decay time of Gd 3+ in GdMgB5010 is about equal to that of Gd 3+ in 

YAI3B4OI2 (5), viz. about 10 -3 s. We can also take the Gd 3+ + Gd 3+ transfer 

probability from that work, viz. ~ 107 s -I. Because the Gd 3+ + Mn 2+ nearest- 

neighbour transfer rate cannot be much larger than the Gd 3+ radiative rate, we 

estimate it to be I0 ~ ~i or less. The comparison of these transfer rates 

learns that at RT we are dealing with the case of fast diffusion, i.e. the 

transfer from Gd 3+ to Mn 2+ is much slower than to Gd 3+. Although we have no 

experimental proof for this, it is clear that this diffusion should be 

strongly one-dimensional, i.e. in the chains. Note that the Mn 2+ ions are not 

in the chain. The amount of Mn 2+ emission in the total luminescence output can 

be used to find the total transfer rate to the Mn 2+ ions. The ratio of the 

amounts of Mn 2+ and Gd 3+ emission (~ 25) is equal to the ratio of this total 

transfer rate to the Gd 3+ radiative rate (~ 103 s-'l). Therefore the total 
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transfer rate is about 2.104 s -I. From this value and the Mn 2+ concentration 

it follows that the Gd3+ ÷Mn 2+ transfer rate for nearest nelghbours 

is 2.106 s --I. This means that the fast diffusion model is still approximately 

correct, but that the Gd3+ ÷ Din 2+ transfer rate is considerably larger than 

estimated before. It seems very probable that this implies that this transfer 

occurs by exchange. 

At low temperatures the amount of Din 2+ emission decreases: at 300 K it 

was 96%, at 40 K 66%. at 20 K 57%, at 9 K 50%. In addition we observed at 9 K 

a small amount of Tb 3+ emission (4 1%). In fig. 1 we had plotted the amount of 

Mn 2+ emission logarithmically versus 
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FIG. I 

The logarithm of the relative amount 
of Mn 2+ emission (irel.) of 

C~lMg0.99Mno.o1B5010m~pon Gd3+ exc i -  
t a t i o n  plotted vs the reciprocal 

temperature (see also text). 

T -I. No straight line is observed. This 

temperature dependence may be either due 

to a temperature dependence in the 

Gd3+ ÷ Gd3+ transfer process or in the 

Gd 3+ ÷ Mn 2+ transfer process. Due to the 

inhomogeneous broadening the Gd 3+ 

migration Is expected to be stopped at 

low temperatures. It is our experience 

(6) that such effects occur only below 

20 K. The higher temperature effects 

observed here are therefore ascribed to 

a temperature dependence of the 
Gd3+ ÷ Mn 2+ transfer rate. In fact the 

Mn 2+ excitation bands sharpen at lower 

temperatures which influences the 

spectral overlap. In the same way as 

described above the Gd3+ ÷ Mn 2+ transfer 

rate at these low temperatures is 
estimated to he 105 s --I. 

The small amount of Tb 3+ emission in the low temperature spectra is due 

to the presence of a small amount of terbium in the starting material GdsO 3. 

Its concentration may be about 10 -5 m/o. If we take the 1% amount of Tb 3+ 

emission, the Gd 3+ ÷ Tb 3+ transfer rate is estimated in this way to be a few 

times 106 s -I. We will return to Gd 3+ ÷ Tb 3+ transfer below. We conclude that 

in GdMgB=OI0 : Mn there is a rapid energy migration in Gd 3+ chains if 
3+ 2+ 3+ excitation is into the Gd ions. When Mn (or Tb ) are used as activators 

(traps), the emission spectrum is determined by the ratio of the Gd3+ 

radiative emission rate and the product of the individual trapping rate and 

the trap concentration (7). 

GdMgB5010 : Bi 

Some peculiar observations were made for the case of Bi 3+ -activated 

GdMgB5010. Let us consider specifically the sample with composition 

Gd0.97Bi0.03MgBs010. The Bi 3+ spectra are known from our previous work on the 

lanthanum compound (2). First we consider our results observed at liquid 

helium temperature (LHeT). 

At LHeT, excitation into the Bi 3+ absorption band at 295 um 
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(Is 0 ÷ 3PI) ylelds mainly Gd 3+ emission at about 315 nm (6p ÷ 8S)" Excitation 

into the Gd 3+ levels (e.g. 8S ÷ 61 at 275 nml yields only Gd 3+ emission. From 

this we conclude that at LHeT we have efficient Bi 3+ ÷ Gd 3+ transfer without 

any back transfer. This is confirmed by the fact that the excitation spectrum 

of the 6p ÷ 8 s Gd 3+ emission contains not only the Gd 3+ absorption 

transitions, but also the Bi 3+ absorption transition. 

To discuss the Bi 3+ ÷ Gd 3+ transfer we consider the relevant spectra 

(fig. 2). Note that the Bi 3+ emission band at LHeT does not overlap the Gd 3+ 
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FIG. 2 

Some spectral data of Gd0.97BI0.03MgB5OI0 
at RT and LHeT. The llne marked Gd indi- 

cates the Gd 3+ emission and absorption 

line (8S - 6p). On the right hand side 

Bi 3+ excitation spectra are given 
(Is 0 + 3P11 transition). On the left hand 

side Bi3+'emlsslon spectra are given. The 

RT curve is real and corresponds to 

3P I ÷ IS 0. The LHeT curve cannot be ob- 

served and is derived from the other curves. 
It corresponds to 3P 0 ÷ IS 0. See also text. 

absorption line, which makes it 

hard, at first sight, to understand 

the appearance of energy transfer. 

The way out of this is to assume 

that energy transfer occurs from 

the 3P 1 level of Bi 3+ before it 

relaxes to the lower SP 0 level. In 

fig. 2 we have drawn the RT emis- 

sion band of the SPI-IS 0 tran- 

sition. This overlaps in fact the 
Gd 3+ absorption. However, the 

nonradlative 3P 1 ÷ 3P 0 rate was 

estimated to be > 109 s -I (21, so 

that the transfer rate should be 

rather high. For electric dipole- 

dipole interaction we calculated 

the critical distance for transfer 

with a spectral overlap treatment 

(81 The result is Rc For 
the shortest possible _i Gd 3+ 

distance, vlz. 4.0 A, this yields a 

transfer rate of 2 × 107 s --l, using 

the radiative SP 1 ÷ IS 0 rate ob- 

tained earlier (5 x 106 s -l, 

ref. 2). This transfer rate is 

obviously much too low to compete 

with the BP 1 ÷ 3P 0 nonradlative 

rate. This implies that the 
Bi 3+ ÷ Gd 3+ transfer occurs by 

exchange. In view of the large 

extension of the excited 6s6p state 

of the Bi 3+ ion and the short 

Bi 3+ -Gd 3+ distance (4 ~1, transfer 

by exchange seems to be a good 

posslbillty. 

At RT the situation is 

different. Excitation into the Bi 3+ 

excitation band at 295 nm ylelds 

now mainly Bi 3+ emission, whereas 

only about 2% of the total output 

is Gd 3+ emission. However, also 
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excitation int6 the Gd 3+ absorption band at 275 nm yields mainly Bi 3+ emission 

and about 3% Gd 3+ emission. Fig. 2 shows schematically the relevant emission 

and excitation spectra. Note the spectral overlap of SP I ÷ IS 0 Bi 3+ emission 
and 8S + 6p Gd 3+ absorption and that of 6p ÷ 8 S Gd3+ emission 

and IS 0 ÷ SP 1Bi 3+ absorption. Back transfer from Gd 3+ ÷ Bi 3+ is clearly a 

possibility. It is illustrative to consider the extreme case in which the 

Bi 3+ ÷ Gd 3q- transfer rate equals the Gd 3+ ÷ Bi 3+ back transfer rate. Then the 

emission spectra should be independent of excitation wavelength if the 

transfer rates exceed the radiative rates. In view of our estimations above 

this is certainly the case. The ratio of Bi 3+ and Gd 3+ emission is determined 

by their radiative rates. At RT these are about 106 s "-I and 103 s -1, 

respectively (2,5). This gives a Gd3+/Bi 3+ ratio of 3.10 --2 in view of the Bi 3+ 

concentration (3%). 

The RT situation is described rather well by this extreme situation. This 

means that the Gd 3+ ÷ El 3+ transfer is strongly temperature dependent which is 

related to the temperature dependence of the spectral overlap involved (see 

fig. 2). On the other hand the Bi 3+ ÷ Gd 3+ transfer is not strongly 

temperature dependent, since the spectral overlap does not vary as strongly as 

for the back-transfer case. At RT both rates are about equal. 

Finally we note that the Bi 3+ ion is not able to act as a sensitizer for 

the Gd 3+ ions at RT. This is strikingly different for the Ce 3+ ion as we will 

see now. 

GdMgBbOI0 : Ce 

The luminescence of Ce 3+ in LaMgB5OI0 was reported by Saubat et al. (9). 

In GdMgBbOI0 , however, the Ce 3+ ion was found to be nonluminescent. The reason 

for this is most easily found by codoping GdMgBbOI0 with Ce 3+ and Tb 3+. For a 

sample with composition Gdn nTvCen n,Tb~ nn~M~B=O.^ the excitation spectrum 
of the Tb 3+ v.~,, v.v~ v.vva3~ ~ Av ~-L emission conslts of very weak Tb lines, weak Gd ~' lines and 

stron~ Ce 3+ bands. This was observed at LHeT and RT. Direct transfer from Ce 3+ 

to Tb~ of any importance can be excluded in view of the results by Saubat et 

al. (9~and ourselves (2) on Ce 3+, Tb 3+ -codoped LaMgBbOI0. Excitation into 

the Ce ion is, therefore, followed by energy transfer to the Gd 3+ sub- 

lattice. The transfer rate exceeds the Ce 3+ radiative rate considerably in 

view of the absence of Ce 3+ emission. Actually the Ce 3+ emission peaks around 

310 nm (9) and has an excellent spectral overlap with the Gd 3+ absorption 

lines in that region (8S ÷ 6p). Since the Ce 3+ ion has a radiative decay time 

of about 107 s -I (I0), a value of 109 s -I is a reasonable lower limit for the 

transfer rate for the distance involved (4 A). A similar situation has been 
observed for GdF~ : Ce, Tb (II). 

We concludeJthat the Ce 3+ ion is an excellent sensitizer for the Gd 3+ 

sublattlce at all temperatures. If suitable activators are built in, e.g. Tb 3+ 

or Mn 2+, they can trap the excitation energy migrating in the Gd 3+ sublattlce. 

In this way very efficient phosphors can be made as has been shown recently by 

De Hair and Van Kemenade (4). 

The energy migration in the Gd 3+ sublattlce is strongly one-dlmenslonal. 

To investigate this further we studied the luminescence of samples with compo- 
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SltiOn (Gd,La)MgB5OIo : Tb. The La 3+ ions which have only energy levels high 

above the Gd 3+ emitting levels were thought to block effectively the one- 

dlme~Islonal energy migration. The Tb 3+ ions act as traps for the migrating 

enerb-y and are here used to measure the blocking of the energy migration. 

(Gd, La)MgB5OI0 : Tb 
1 

Figs. 3 and 4 present the results of the measurements on the system 

Gdl_x_yLaxTb~gB5010. Excitation is in the Gd 3+ 8S ÷ 61 transition. Plotted is 

the amount of Gd 3+ emission 
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FIG. 3 

The amount of Gd 3+ emission in the total lumines- 

cence output at RT upon Gd 3+ (8S ÷ 61) excita- 

tion of the system Gd0.995_xLaxTb0.005MgB5Olo 
as a function of x. Squares are experimental 

points. The drawn llne is discussed in the 

text and corresponds to m = 8 and n = 60. 

in the total emission. Fig. 3 

is for a constant Tb 3+ 
concentration (y ffi 0.005), 

fig. 4 for a constant La 3+ 

concentration (x ffi 0.7). All 

values plotted are at RT. At 

LHeT the amount of Gd 3+ 

emission has increased. 

However, the increase of Gd 3+ 

emission intensity with 

decreasing temperature in the 

lowest temperature region is 

very steep, so that the LHeT 

values are not very reliable. 

We were not able to perform 

these measurements down to 

1.5 K, because the emission 

intensities became too weak 

in the specific setup used. 

This strong increase of Gd 3+ 

emission intensity is 

ascribed to hampering of the 
Gd3+ migration. It is 

discussed elsewhere (6) and 

will not be considered any 

further here. We restrict ourselves to the room temperature results. 

Fig. 3 shows that the amount of Gd 3+ emission in the total emission 

depends, within the experimental accuracy, linearly on the La 3+ concentration. 

At first sight this is rather surprising. If we consider the Gd 3+ subsystem as 

purely onedimensional, the La 3+ ions are expected to break the migration in 

the Gd subsyst@m. As a consequence we expected to find a large increase of 

the amount of Gd 3+ emission for a certain La 3+ concentration. This would be 

si~lar to the observations made for the systems Lal_xEuxMgB5Olo and 

La|_xTbxMgBsOl0 (3). Such a model, corresponding to one-dimensional energy 

mlgratlon, does not seem to be applicable here. 

We have searched for models which are able to explain the way in which 

the Gd 3+ output depends on the La 3+ concentration. We have not aimed at the 

best possible fits, but at simplicity, taking into account the transfer 
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rates obtained before. Let us first consider the x = 0 case, i.e. no La 3+ 
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The same data as in fig. 3 for the sys- 

tem Gd 0 3_yLa0 7TbyMgBsOl0 as a function 
of y. ~e curve is for m = 8 and n = 20. 

present. 
For the Gd 3+ chains the f aSg-  

diffusion model is a good 

approximation (see above), ioe~ 
P(Gd 3+ ÷ Gd 3+ intrachaln) >> F(~,d ~+, 

radiative), P(Gd 3+ ÷ Tb3+), w~e~e P(X) 

denotes the rate of process X, XN view 

of the P values given above, thll 

inequality holds. The relative ~m@unt 

of Gd 3+ emission is given by P(Gd 3+, 
radiatlve)/{P(Gd 3+, radiative) + 
P(Gd 3+ ÷ Tb 3+, total)}. The 

experimental value i@ 0.05 (fiSe S). 
This yields for P(Gd 3+ ÷ Tb3+~.A.toCal) 
about 2.10 ~ s -I. Since the Tb ~" 
concentration y ffi 0.005, we flnd 
P(Gd 3+ * Tb 3+) ffi 4.106 s -1, in 

excellent agreement with the value 

derived above. 

If the La 3+ ions break up the 

chains, this model can no longer be 
used. Between the La 3+ ions sho~t Gd 3+ 

chains are present, which may or may not contain Tb 3+ ions. Such a short Gd 3+ 

chain without Tb3+ has at first sight only one possibility to decay af£er 

excitation, viz. by radiative Gd 3+ emission. This, however, is not coZ~ect, 

because P(Gd 3+ ÷ Gd 3+ interchaln) > P(Gd 3+, radiative). For the interchai, 

transfer rate we find 5.105 s "-I by reducing the Intrachaln transfer ~ate by a 

factor (6.4/4.0) 6 , i.e. assuming electric dlpole-dlpole interaction. Thls 

value exceeds the radiative rate (103 s--l). 

The only model which can explain our results reasonably is the following. 
Consider the Gd 3+ ions to form a system of 'chains', the length of which 
varies from 1Gd 3+ ion to arbitrary many Gd 3+ ions. If one single Gd 3+ ion has 

only La 3+ ions on the nearest and next-nearest neighbour sites, it will yield 

Gd 3+ emission. The probability for this situation is x 8, since there are 2 

nearest and 6 next-nearest nelghhour sites. For 'chains' longer than one Gd 3+ 

ion we neglect this possibility, since it is very small in view of the large 

number of neighbour sites. Because the intrachain transfer rate is high~ the 

number of chains visited by a migrating excited Gd 3+ state during its llfe 
time equals the square root of the ratio of the Interchaln transfer rate and 

the radiative rate, i.e. ~5.105/I0 S'= 22. This implies that the migration is 

by no means onedlmensional. 

The 22 visited chains have each two rare-earth ion sites by which they 
are blocked, because these sites are occupied by La 3+ or Tb 3+ ions. This is 
altogether 44 sites. If all these sites are occupied by La 3+ ions, Gd 3+ 

emission results. For the time being we assume that in all other cases Tb 3+ 

emission results in view of the rather high value of P(Gd 3+ + Tb3+). The 

probability that the 44 sites are all occupied by La 3+, and not by Tb 3+, is 

given by Ix/(x+y)} ~ . This model predicts the relative Gd 3+ emission intensity 
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to depend on the La 3+ concentration x according to 

x 8 + {1-(x+y)8}(~--fy) 44, 

since (x+y) 8 gives the fraction of isolated Gd 3+ ions. 

In order to compare this with our results, we fitted the results to the 

expression 

m { )m}(~y)n 
x + l-(x+y 

In fig. 3 y = 0.005. The drawn curve in fig. 3 is for m = 8 and n = 60. This 

agrees reasonably well with expectation and explains the (pseudo)linear 

dependence of the experimental results on x. 

The results of fig. 4 were also fitted. Now we find m = 8 and n = 20. The 

n values need a further consideration. The model assumes that, if the 

excitation energy reaches a Gd 3+ chain which has a Tb 3+ neighbour, it will be 

transferred to the Tb 3+ ion. However, interchaln transfer has a probability 

which cannot be neglected especially in view of the inaccuracy of the transfer 

rates which we have derived above. So the model tends to overestimate the Tb 3+ 

output. This effect will be the more pronounced for the lower Tb 3+ 

concentrations. The n - 60 value is, therefore, probably an overestimation. 

In spite of all the inaccuracies involved, the model yields a satisfying 

understanding of the energy migration in the system 

Gdl_x__LaxTb_MgB5010. Energy migration amongthe Gd 3+ ions is not only Intra-, 
but al~o int~rchain. The energy transfer Gd 3+ ÷ Tb 3+ is intrachain. A 

spectral-overlap treatment yields for the critical distance for this 

transfer ~ 5 A using the absorption and emission spectra involved and assuming 

electric dlpole-dlpole interaction. This value agrees reasonably with the idea 
of intrachaln Gd 3+ ÷ Tb 3+ transfer. 

If Ce 3+ is used as a sensitizer of the Gd 3+ subsystem, very efficient 

phosphors can be made (4). The energy migration is then of the type 
Ce 3+ ÷ (Gd3+)n ÷ Tb 3+, the details of which have been discussed above 

separately. Additional investigations have been published elsewhere (4) and 

lead to the same conclusions. 

Finally we note that we determined the particle size of the powders, 

because very small particles would make the predictions of any model which 

implies energy migration over reasonably large distances hard to confirm. From 

sedimentation and X-ray absorption measurements the average particle size has 

found to be large enough, vlz. i0 ~n. 
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