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The fluorescence spectra and lifetimes of fluoride glasses of molar composition 36PbFz, 24MnF: (or 
ZnFJ, 35GaF,. 5 (or 7) AI(P doped by ErF, were investigated. The emission of Mn(II) in absence 
of Er(II1) consists of a broad band centered around 630 nm and an integrated lifetime of 1.4 msec. In 
the presence of Er(II1) the intensity and lifetimes are decreased as a result of energy transfer to the “Fsz 
level of Er(II1). The fluorescence of Er(II1) arising from 4Si., at 543 nm has an integrated lifetime of 0.06 
ms in the absence of Mn(I1) and is decreased to 0.01 ms in the presence of Mn(II) as a result of energy 
transfer to Mn(I1). The 666-nm luminescence of Er(II1) due to ‘Foiz emission under excitation at 370 nm 
(4G,,iz) is about 20 times weaker than the 543-nm emission when Mn(I1) is absent. However, in the 
presence of Mn(I1) this emission becomes 5 times stronger than the 543.nm emission. This intensified 
emission has a non-exponential time dependence. The longer component corresponds to the transfer of 
stored energy in Mn(I1) to Er(II1) while the short-lived component is probably due to cascading down 
Er(II1) + Mn(I1) ---f Er(II1) through states above the Stokes threshold of Mn(I1). This interpretation is 
backed up by weaker 543-nm emission and stronger 630-nm broad-band emission when the mixed 
system is excited in one of the upper excited states. of Mn(I1) at 395 nm, or of Er(II1). 

Introduction is replaced by Cr(II1); or all the Zn(I1) by 
Ni(II), the absorption spectra clearly indi- 

Anhydrous fluorides of Pb(II), Ga(III), cate that these colored 3d3 and 3d8 systems 
and Zn(I1) form glasses within narrow are subject to local octahedral symmetry. 
ranges of composition (I). If all the Ga(II1) This is also true for their aqua ions, and a 

large number of mixed oxides and mixed 
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orbitals, and the concomitant lack of ligand 
field stabilization (2, 3) provides no intrin- 
sic propensity toward octahedral symme- 
try. It is true that Mn(I1) aqua ions and 
many crystalline fluorides show N = 6, but 
several complexes of multidentate amino 
acid anions show N = 7. In fluoride glasses, 
where there is no sharp distinction between 
network formers and modifiers, large cat- 
ions may have a variety of N values. 

For comparison with the present spectro- 
scopic studies, EXAFS (extended X-ab- 
sorption fine-structure) of crystalline bi- 
nary, ternary, and quaternary stoi- 
chiometric fluorides and of fluoride 
glasses (I) were performed (42). Pb(I1) in 
such glasses seems mainly to have N = 8 or 
9, but with a wide range of differing Pb-F 
distances (like in crystals) and possibly 
rather inequivalent sites. Mn(II), Fe(III), 
Zn(II), and Ga(II1) seem to be octahedral. 
However, it cannot be excluded that N = 6 
for Mn(I1) sometimes is slightly distorted 
from regular octahedra, or that a part of 
Mn(I1) has N = 7 or 5 through lower N 
values are not detected as a significant con- 
stituent. Neutron scattering (43) of glasses 
with the compositions PbMnFeFT and 
Pb2MnFeFI, show strong antiferromagnetic 
interactions in spite of the closest distance 
3.6 to 3.7 A (obtained by EXAFS) between 
magnetic ions suggesting corner-shared 
(and not edge-shared) octahedra. The Fe-F 
distance of 1.93 A in such glasses is the 
same as found in octahedrally coordinated 
crystals, whereas the Mn-F distance of 
2.10 A in glasses is 0.02 A shorter than in 
crystals. 

Mn(I1) and Fe(II1) have no excited states 
of the configuration 3d5 with the same high 
total spin quantum number S = f as the 
sextet ground state YS, and among the 252 
- 6 = 246 excited states, 96 have S = # 
(quartets). The two first absorption bands 
are generally rather broad (2) whereas a 
sharp absorption band situated somewhere 
in the interval between 25,300 and 21,100 

cm-’ corresponds to some of the compo- 
nents of 4G lacking ligand field influence. 
Comparison of this energy difference with 
26,850 cm-’ in gaseous Mn+2 and 20,520 
cm-i in Cr+ allows a direct evaluation of 
the nephelauxetic effect (2, 4) indicating 
weak covalent bonding with the neighbor 
atoms of the compound or the glass-form- 
ing medium. It is difficult to draw conclu- 
sions about the local symmetry of Mn(I1) 
(with the exception of tetrahedral) from the 
position of the absorption bands below this 
level. Such conclusions may be drawn to 
some extent from the emission spectra 
showing a considerable Stokes shift below 
the first quartet. For example, salts of the 
tetrahedral MnBr4’ show luminescence of 
the first quartet (5, 6) in the green with a 
quantum efficiency of about 1. On the other 
hand the red luminescence of Mn(II) in lan- 
thanum aluminate is ascribed to octahe- 
drally surrounded Mn(I1) by oxygen ions 
(7). Several sites of Mn(II) were observed 
in calcium fluorophosphate emitting in the 
red (8). In oxide glasses a variety of sites is 
observed from the different emission spec- 
tra (9). 

The absorption and fluorescence spectra 
of Mn(I1) in phosphate, silicate, and borate 
glasses were treated by “ligand field” argu- 
ments by Bingham and Parke (10). These 
authors concluded that their silicate glasses 
have tetrahedral N = 4 and phosphate N = 
6, whereas borate glasses contain a mix- 
ture. However, an alternative possibility, 
quite likely to occur also in fluoride glasses, 
is a heterogeneous mixture of several low- 
symmetry N = 7 or 5 and perhaps non-octa- 
hedral N = 6. 

The high quantum yield of Mn(I1) lumi- 
nescence in a variety of glasses (9, II) and 
crystals (12) makes them potential materi- 
als for luminescent solar concentrators pro- 
vided that the low absorption bands arising 
from the spin-forbidden transitions will 
be overcome by high concentration of 
Mn(I1). Fortunately in a number of the 
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glasses concentration quenching is very 
low (II). An alternative way to populate 
the excited state of Mn(I1) would be by en- 
ergy transfer from a strongly colored con- 
stituent in the glass to the lowest quartet 
level of Mn(II) (13, 14). 

We have previously reported in this jour- 
nal (1.5, 16) the optical transition probabili- 
ties corresponding to absorption and lumi- 
nescence of Er(II1) in fluoride glasses. We 
have also discussed the possibility (17) that 
the rare earth ions may have a variable co- 
ordination number in these glasses. Be- 
cause of low vibrational frequencies of the 
fluoride glasses the multiphonon de-excita- 
tion of Er(II1) from the excited levels (18, 
19) is much lower than in the previously 
studied oxide glasses (20, 21) and thus the 
visible emission intensity is much higher. 

Energy transfer for transition metal ions 
such as Cr(II1) to M = Nd, Ho, Er, Tm, and 
Yb in perovskite Y,~.M,~Al,-,Cr,03 (22) or 
in glasses (23) is an efficient way of popu- 
lating the excited levels of rare earth ions 
(9, 23-27). Similar results may be obtained 
from energy transfer from Mn(I1) to Nd, 
Ho, and Er in calcium phosphate glass (28) 
and Mn(I1) in crystalline materials of rutile- 
type MnF2 (29) and RbMnF3 * Er3+ (30). 

The purpose of the present work is to 
study the optical properties of Mn(I1) in flu- 
oride glasses and energy transfer between 
Mn(I1) and Er(II1) using both dynamic and 
static measurements. 

The energy transfer probabilities and effi- 
ciencies were obtained from experimentally 
measured lifetimes of the donor lumines- 
cence with and without addition of the ac- 
ceptor ion (dynamic measurements) and the 
donor luminescent quantum yield in pres- 
ence of the acceptor (static method). 

The efficiency of energy transfer from 
Mn(I1) to Er(II1) given by 

rl tr=]-7d 
4 

111 

where 74 is the lifetime of Mn(I1) in pres- 
ence of Er(II1). 

Since the lifetimes of Mn(II) in the heav- 
ily doped fluoride glasses (with and without 
Er(lI1)) are not single exponents the aver- 
age lifetimes were used 

f 
z tZ(t)dt 

0 
7-m = 

.r 

r [21 
0 

I(t)dt 

The transfer efficiency qtr using the static 
method was obtained from formula 

7)tr = 1 - $ [31 
d 

where id is the luminescence quantum effi- 
ciency of the donor ion in presence of the 
acceptor ion and 8 is the efficiency of the 
donor ion in the singly doped glass. 

The probability of energy transfer AET 
can be calculated from lifetimes via 

141 

where 7. is the integrated lifetime of Mn(II) 
alone and ?-d of Mn(I1) in the codoped glass. 

Experimental 

We have measured a variety of glasses of 
the basic composition 

36PbFz : 24MnF2 (or ZnF*) : 35GaF3 : 5 
(or 7) AU%)3 

doped with ErF3. They were prepared as 
described in Ref. (15) using the metal fluo- 
rides and Al(P0J3 in the relevant propor- 
tions. 

The absorption spectra were measured at 
room temperature on a Cary 14 spectropho- 
tometer using an undoped Mn sample as 
blank or in the case of the Er-doped Zn 
sample relative to air. 

The emission spectra were taken on a 
spectrofluorimeter assembled in our labora- 



Mn(II) AND Er(II1) IN FLUORIDE GLASSES 239 

tory consisting of a xenon light source, two 
Bausch & Lomb monochromators and an 
EM1 9558 QB photomultiplier and were re- 
corded at room temperature. 

The decay curves of luminescence were 
obtained by exciting the doped glasses with 
a Molectron DL-200 tunable dye laser 
equipped with a scan control unit and 
pumped by a Molectron UV-400 pulsed N2 
laser. The dye used for excitation at 370 nm 
was Molectron PBD and at 400 nm was Mo- 
lectron DPS. The signal which was normal- 
ized to the intensity of the laser pulse was 
fed into a PAR 162/164 boxcar averager 
triggered by the laser and recorded on an X- 
y recorder. 

Results and Discussion 

We have examined glasses of the follow- 
ing molar compositions: 

C. 36PbFZ : 24MnFz : 35GaF1 : 5AI(PO& : 2LaF, 
D. 36PbFz : 24MnFz : 35GaF, : 5AI(PO& : 2ErF, 
E. 36PbFz : 24MnFz : 35GaF, : 7AI(PO& : 0.1 ErF? 
F. 36PbFz : 24ZnFz : 35GaF3 : 7AI(PO& : 0. IErF, 

and compared them with two glasses (1.5) 
previously studied: 

A. 46PbF: : 22MnFZ : 30GaFI : 2LaF, 
B. 46PbFL : 22ZnFZ : 30GaF, : 2LaF, 

to which 2 wt% ErF3 had been added. 
The aluminum metaphosphate in samples 

C to F assists efficiently in obtaining stable 
vitreous phases, but its addition cannot be 
neglected as it has quite a striking effect on 
the lifetimes of the Er(II1) levels 4S312 and 
4Fg,2 being, respectively, 3 and 4 times 
shorter in glass F than in glass B. See Table 
IV of Ref. (15). 

Since the stoichiometric ratio oxygen/flu- 
orine is 45/231 = 0.195 in glasses C and D, 
the much higher P-O vibrational frequency 
may be responsible for this higher 
multiphonon relaxation of Er(II1) in the 
glass in which Er may be closer to the 0 
atoms of the P-O groups (19). 

FIG. I. Absorption spectrum due to manganese(Il) 
in the glass C with molar composition 36 PbF?: 24 
MnF? : 35 GaF? : 5 AI(PO& : 2 I,aF1 measured at 25°C. 

1. Manganese 

The absorption spectrum of C containing 
Mn(I1) without Er(II1) is given in Fig. 1. 
The steeply increasing absorption in the uv 
is due (5) to Pb(I1). The uncharacteristic 
slope of absorption starting at 560 nm and 
developing into one flat maximum at 480 
nm before the sharp maximum at 398 nm 
(25,100 cm-‘) would not occur for a single 
octahedral site, expected to show two ab- 
sorption bands of comparable width and in- 
tensity (2, 6, 31) around 530 and 440 nm. 
There is a slight possibility that the spec- 
trum could be the superposition of octahe- 
dral and relatively more absorbing, tetrahe- 
dral sites, but this seems unlikely in view of 
the small ionic radius of F- favoring high N 
values. The observed spectrum (Fig. I) is at 
least compatible with a multitude of differ- 
ent low-symmetry sites tending (2, 6) to 
have the narrow 4G band decreasing much 
more abruptly toward higher wavenumbers 
than the hyperbolic slope down to the lower 
quartets. This is readily rationalized even 
for a single site by it no longer being the 
case (as in cubic symmetries) that a third of 
the 36 states of 4G essentially coincide. The 
situation is not made more clear-cut by the 
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I 0 -Mn Em 626nm 
b-Er+Mnx3 Em626nn 

FIG. 2. Excitation spectra of manganese(H) emis- 
sion at 626 nm. Curve (a): glass C. Curve (b): glass D 
where the 2 mole% LaF, of C is replaced by ErF,. 
Measured at 27°C. 

strong variation of emission maxima of an- 
tiferromagnetic halide-bridged MnXMn in 
salts (32) and of the fluorescence spectrum 
as a function of the concentration, 1.3 to 25 
molar% of Mn(II) in a magnesium zinc 
phosphate glass (9). 

The aqua ions and many other complexes 
of Mn(I1) are octahedral (6, 31) and Mn 
halides such as MnBr;* are tetrahedral. 
However, because of the large ionic radius 
of Mn(I1) and lack of ligand field stabiliza- 
tion (2, 3) there is no intrinsic propensity 
toward either octahedral or tetrahedral 
symmetry. Actually the monaqua ethylene- 
diaminetetraacetate and other Mn(I1) com- 
plexes of multidentate amino acids show 
the coordination number of N = 7 (33). 
There is a small point of similarity between 
Mn(II) and the lanthanides by a sharp ab- 
sorption band situated in the interval be- 
tween 25,300 and 21,100 cm-’ representing 
some of the states of 4G lacking “ligand 
field” influences like ?S. 

The excitation spectrum of the Mn(II) 
broad-band emission at 626 nm is presented 
in Fig. 2 where curve (a) belongs to excita- 
tion of C and curve (b) to D containing 2 
molar% ErF3. It should be noted that the 
sensitivity of curve (b) is increased by a fac- 

tor of 3.3 indicating decreased lumines- 
cence of Mn(I1) in the presence of Er(II1) as 
a result of energy transfer (mainly to 4Fgi2) 
from Mn(I1) to Er(II1). 

The emission spectrum of Mn(II) in glass 
C under excitation in the narrow 4G peak at 
395 nm is given in Fig. 3, curve (a) showing 
a broad maximum at 626 nm corresponding 
to emission from the lowest quartet to the 
6S ground state. This band is quite similar to 
the 600-nm fluorescence in vitreous 
K3P70i9 (10). The decay of C emission is 
non-exponential but can be roughly de- 
scribed by two superposed lifetimes, 1.06 
and 1.82 msec, with the integrated (aver- 
aged) T = 1.45 msec. Glass D also shows 
two decay times, 0.15 and 0.43 msec, with 
integrated r = 0.34 msec. 

From the luminescence spectrum of 
Mn(I1) in fluoride glasses (Fig. 3) one can 
see that there is no emission from the tetra- 
hedral sites which means that either the tet- 
rahedral sites are absent or that there may 
be energy transfer from the tetrahedral 
sites, which should emit in the green, to the 
octahedrally like sites emitting in the red. 

480 520 560 600 640 680 
xcnrn1 

FIG. 3. Fluorescence spectra of various glasses. 
Curve (a): Glass C excited at the Mn(II) peak at 395 
nm. Curve (b): Glass F excited at the Er(ll1) peak at 
370 nm. Curve (c): Glass D excited at the Mn(II) peak 
at 395 nm. Curve (d): Glass D excited at the Er(III) 
peak at 370 nm. Curve (e): Glass D excited at the 
Mn(II) peak at 480 nm. The sensitivity used for curves 
(c), (d), and (e) are all 10 times higher than the sensitiv- 
ity used for curves (a) and (b). Measured at 27°C. 
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1 O-Er+P”l-Mn b- Er 1 

\* 
!O 

X(nm) 
600 6E 

FIG. 4. Absorption spectra due to erbium(II1). 
Curve (a): Glass D measured against the erbium-free 
glass C as reference, with the intention of compensat- 
ing the absorption due to manganese. Dashed curve 
(b): Glass F containing no manganese. Measured at 
2X. 

Since the lifetimes of Mn(II) alone are 
non-exponential we conclude that the dif- 
ferent Mn(I1) sites do not all communicate. 
This arises from the fact that in the case of 
fast diffusion of energy between the various 
sites the lifetime should be exponential 
(34). 

When glass D is excited at 480 nm (avoid- 
ing Er(II1) peaks, and a representative 
wavelength for Mn(I1) absorption in glass C 
in Fig. 1) the intensity of 666 nm is about 5 
times higher than the 543-nm emission, as 
seen in Fig. 3, curve (e). 

The strong variation of the emission 
spectrum (9) as a function of Mn(I1) con- 
centration known from the literature may 
not only be due to a modified manifold of 
sites but also to efficient energy transfer 
from one Mn(I1) to another having its low- 
est quartet level at lower energy, or at 
most, at a few kT higher energy. A superpo- 
sition of these two mechanisms occurs in 
antiferromagnetically coupled pairs of 
Mn(I1) bridged by one or a few fluoride an- 
ions, approaching the situation in Cl3 
WCljWCl;3. Extensive energy- transfer be- 
tween different sites on Mn(I1) in 
crystalline materials, such as in rutile-type 

MnF2 (29, 35, 36) where N = 6 for Mn(I1) 
and hence N = 3 for F-, is known. Actually 
the influence of crystalline defects and of 
ppm impurities of Mg(I1) is so strong that 
there was difficulty in detecting the intrinsic 
Stokes threshold for the very long-lived 
quartet. The experimental work is slightly 
easier to interpret in the cubic erbium-con- 
taining perovskites RbMnF3 (30) and 
RbMgF3 (37) where N = 6 in a regular octa- 
hedron constituting alternating FMn 
FMnFMn . . . on each Cartesian axis. 
Quite strong changes of fluorescence spec- 
tra are found when cooling below the NCel 
temperature. 

2. Erbium 

The absorption spectra of Er(II1) in our 
new fluoride glasses are shown in Fig. 4 
where curve (a) is the difference in absorp- 
tion between glass D and the erbium-free 
glass C. Curve (b) is the absorption of glass 
F containing ZnFz in place of MnF2. There 
is no perceptible difference between the 
shape, half-width, and positions of Er(II1) 
bands in the two curves. Such behavior was 
noted previously (15) for glasses A and B 
though somewhat enhanced Er(II1) intensi- 

a-Er Em 543nm 

b-Erx20 Em666nm 

1 , , , , 
- 210 290 370 450 530 

Xtnm) 
610 

FIG. 5. Excitation spectra of erbium(II1) emission in 
the manganese-free glass F. The full curve (a) is moni- 
tored for fluorescence at 543 nm. The dashed curve (b) 
is monitored at 666 nm, using 20 times higher sensitiv- 
ity than for curve (a). Measured at 27°C. 
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ties were noted below 700 nm for manga- 
nese-containing A. 

The excitation spectrum of Er(II1) in 
glass F for the 543-nm emission, 4Swz + 
411~,~, is shown in Fig. 5, curve (a), whereas 
curve (b) is monitored at 666-nm emission 
due to 4Fg,2 --, 41 isiz. The sensitivity for 
curve (b) is about 20 times higher than in 
curve (a) meaning that the 666-nm red emis- 
sion is negligible compared to the 543-nm 
green emission in the erbium-only glass F. 

The emission spectrum of Er(II1) alone in 
glass F excited in the narrow absorption 
band at 370 nm, 4G11,2, is shown in Fig. 3, 
curve (b). A weak emission band is ob- 
served at 525 nm, 2Hi1,2 + 411si2 and a much 
stronger emission at 543 nm, 4S3,2 + 411s,2. 
The band at 666 nm is exceedingly weak, 
cf. Fig. 5. 

The integrated lifetime of 0.1% ErF3 
alone (F) is 0.098 msec for 543-nm emission 
and 0.084 msec for 666 nm. The lifetime of 
2% ErF3 with Mn(I1) in D is 0.009 msec for 
543 nm and about 0.025 msec for 666-nm 
fluorescence. We did not have a glass of 
Er(II1) alone at the higher concentration 
but there is little doubt that the values 
would be intermediate between F and D. 
Glass B without Al(P03)3 (1.5) had T = 0.29 
msec for 4S3,2 -+ 411sn and 0.35 msec for 4Fg,2 
--$ 4I15,2 (about 3 to 4 times longer than F 
despite the 20 times higher erbium concen- 
tration). 

3. Energy Transfer between Manganese 
and Erbium 

The energy transfer from Mn(I1) to 
Er(II1) can be seen in the emission spec- 
trum of the composite glass D given in Fig. 
3 curve (c). This glass is excited at 395 nm 
at the manganese absorption peak. The 
curve consists of a broad emission band 
peaking at 626 nm due to the lowest-lying 
quartet state of Mn(I1) and the narrow 
structural 666-nm band of Er(II1) arising 
from the transition 4Fs,2 to 4I11,2. The inten- 
sity of the Mn(I1) emission is decreased by 

0 

Er(IU) Er(III)+ MnUI) 

FIG. 6. Major radiative (thick vertical arrows for 
strong fluorescence) and non-radiative (wavy arrows) 
processes in a fluoride glass doped with Er(III) alone 
(to the left) or both Er(II1) and Mn(I1) (to the right). 
The symbols of atomic spectra indicate J-levels of the 
4y’ system erbium(II1) and the terms 5 and % of 3d5 
manganese(H). The group-theoretical symbols “1’ indi- 
cate quartet states belonging to Mn(I1) on (probably 
inequivalent) sites of undetermined point-group sym- 
metry. The effects of intermediate coupling are quite 
strong in higher levels of Er(II1) and the highest 
squared amplitude (44) is for Yi9,z (though it is only 
34%) in the next-highest level on the figure. We some- 
times (15. 16) have called it *H9,2 (21% (44)). Energy 
transfer (e.t.) is shown as stipled slopes. The two ques- 
tion marks refer to cases, where energy transfer from 
excited 4G,,,2 to Mn(I1) may go through various inter- 
mediate states. 

a factor of 10 as compared to the emission 
of Mn(I1) in the Mn-only glass as a result of 
energy transfer to the 4Fp,2 state of Er(II1). 
The Er(II1) emission at 543 nm arising from 
the transition 4S312 --r, 41,si2 is almost totally 
absent (curve (c)) unlike in curve (b). 

The energy transfer scheme is presented 
in Fig. 6 in which the levels of Mn(I1) and 
Er(II1) are designated. In this figure the 
thick arrows indicate fluorescence, the 
wavy lines the nonradiative relaxations, 
and the broken lines designate energy 
transfer. 

The probability of this energy transfer be- 
tween Mn(I1) and 2 mole% Er(II1) is 2300 
set-’ as calculated from formula [4] and the 
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FIG. 7. Emission spectra of Mn(I1) and Er(II1) in 
glass D under (a): excitation at 395 nm, (b): excitation 
at 463 nm. and (c): excitation at 520 nm. 

experimentally measured lifetimes. The en- 
ergy transfer efficiency from the lowest 
quartet of Mn(II) to 4Fg,2 in glass D is 0.77 to 
be compared with 0.86 obtained by Parke 
and Cole (28) for (29.85 - 0.3x)Naz0 : (69.5 
.- 0.7x)SiOz: OSMnO :xEI-~O~ for x = 2, 
0.73 for x = 1, and 0.42 for x = 0.5. In the 
latter glasses the manganese concentration 
is some 50 times lower than in our fluoride 
glasses. 

Figure 3, curve (d), shows the emission 
of the same glass D excited at 370 nm (4G,,iz 
of Er(II1)). We observe a much stronger 
emission at 666 nm than at 543 nm and a 
rather moderate contribution of Mn(I1) at 
626 nm. A similar picture is obtained when 
glass D is excited at 395 nm, excitation of 
Mn(I1) Fig. 7 (curve (a)), a 463 nm of Mn(I1) 
-t Er(II1) (curve (b)) and 520 nm of Er(II1) 
(curve (c)). This demonstrates energy 
transfer from Er(II1) to Mn(I1) in the oppo- 
site direction of curve (c) and an equilib- 
rium between the population of the lowest 
quartet state of Mn(I1) and the 4Fgi2 state of 
Er(II1). The most plausible explanation is 
that excitation in the narrow 4G band of 
Mn(I1) rapidly populates the lowest quartet 
level nonradiatively. The latter level trans- 
fers energy to 4F9,2 of Er(II1). Since the 
Stokes threshold of this level is too low to 
permit population of 4S3,2 the 543-nm emis- 

sion is absent. On the other hand the 4G11j2 
and lower lying levels of Er(II1) have 
smaller probabilities of decay to the lower 
2Hll,z and 4S3,2 levels of Er(II1) than to 
transfer energy to relatively high-lying 
Mn(I1) quartet levels (on distorted potential 
surfaces in (3n - 5) dimensions for n nuclei) 
which in turn can transfer energy back to 
the 4Fgiz of Er(II1). In other words the 666- 
nm narrow band emitted by glass D subse- 
quent to 4GI 1,2 or other excitation of Er(II1) 
goes through the nonradiative channels 
4G, iI2 (Er) + higher quartets (Mn) -+ lowest 
quartet (Mn) -+ 4F9,2 (Er). 

This mutual energy transfer and cascad- 
ing down to 4Fg,z as seen in Fig. 7 is also 
backed up by the decay curve of 4F9!2 emis- 
sion at 666 nm in the codoped glass D. The 
short-lived part of the decay curve has 7 
shortened by the presence of manganese to 
0.025 msec from the value 0.08 msec found 
for F. The long-lived part of the decay 
curve is much weaker but lasts so much 
longer that the area has the same order of 
magnitude corresponding to energy trans- 
ferred back to 4F9,2 after storage in the long- 
lived Mn(I1). It must be admitted that the 
long-lived part of the decay curve still has a 
much smaller 7 (it is not exponential to any 
good approximation but is above 0.2 msec) 
than 1.4 msec of glass C. Besides the obvi- 
ous shortening due to energy transfer to 
4Fg,2 it also seems that glass D has some 
anomalous short-lived Mn(II) sites detected 
by this measurement. Such sites may have 
short MnFEr distances. 

Extensive energy transfer from Mn(I1) to 
Nd(II1) is nearly one-dimensional CsMnBri 
crystals (38) and between Mn(I1) and 
Er(II1) in RbMnFl crystals (30) has been 
attributed to migration of energy between 
the chain of manganese ions followed by 
transfer to the rare earth ion. In our case 
where the system is disordered the energy 
may be transferred by any manganese ion in 
the vicinity of an erbium ion. Since the mag- 
nitude of the transfer efficiency of energy in 
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this case is similar to the transfer efficien- 
cies of post-transition ions to the rare earth 
ions (Ref. (I.?), Table I and Ref. 23, Table I) 
we believe that the transfer mechanism is 
mainly dipole-dipole assisted by the 
phonons of the glass-forming medium. 
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