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Energy transfer between chromium and neodymium ions in a mixed fluorophosphate glass
[21.74A1(PO, ),-57.8BaF2-16.96 AlF, ] has been investigated in the 4.2 —300 K temperature range by using
steady-state and time-resolved laser spectroscopy. Radiative and nonradiative energy transfer has been
demonstrated from the time-resolved emission spectra and the decrease of the Cr'+ lifetimes. Compar-
ison between time-resolved emission spectra for Cr + singly doped and codoped samples with different
Nd + concentrations shows that the radiative transfer is linearly dependent on Nd + concentration. The
nonradiative energy transfer is consistent with an electric-dipole —electric-dipole interaction mechanism.
Good agreement is found if transfer efficiency corrected for Nd-Nd self-quenching is compared with the
measured sensitized Nd'+ luminescence. The transfer efficiency of a Cr'+, Nd'+ system in the investi-
gated fluorophosphate glass has also been compared with previous results in a pure fluoride glass giving
a higher efficiency for the fluorophosphate glass if the Nd203 concentration is kept below 2 wt %.

I. INTRODUCTION

Chromium ions have been added to rare-earth laser
materials to sensitize the Auorescence and thereby in-
crease the optical-pumping efficiency. Neodymium-
doped glasses are by far the most widely investigated sys-
tems, and many of the observed luminescence features for
Nd ions are also applicable to other rare earths. ' For
Nd + ions, trivalent chromium is an attractive sensitizing
ion because it has broad, strong absorption bands in the
visible range and its emission is in the red and near-
infrared region, where Nd + has strong absorption tran-
sitions. Efficient nonradiative energy transfer from Cr +

to Nd + has been observed in various glasses. In a
previous work, some of the authors have investigated the
optical properties of Cr + ions in Auorophosphate glass
by using steady-state and time-resolved spectroscopy.
In this Auorophosphate glass the Cr + ions relax via a
broadband Auorescence from the T2 state. This emis-
sion is in the near infrared and overlaps the Nd + absorp-
tion; therefore efficient energy transfer could be expected.

The aim of this work is to describe the main features of
Cr + to Nd + energy transfer in this Auorophosphate
glass and to determine the transfer and luminescence
efficiencies as a function of Nd + concentration and tem-
perature. Radiative and nonradiative transfer are investi-
gated using steady-state and time-resolved spectroscopy.
The time-resolved emission spectra provide information
about the radiative and nonradiative energy transfer
whereas the Auorescence decay properties of Cr + ions in
the presence of Nd + provide information about the rates
and efficiencies of nonradiative energy transfer. The re-
sults of this investigation have been compared with
previous results in a pure Auoride glass (30

BaFz-181nF3-126aF3-20ZnF2-10YF3-6ThF3-4ZrF3) pay-
ing attention to the inAuence of the mixed nature of the
Auorophosphate glass on the Cr + to Nd + transfer
efficiency as well as to the concentration self-quenching
of Nd + Auorescence. If account is taken of both pro-
cesses, for Nd203 concentrations below 2 wt %, the Nd +

sensitized luminescence in the Auorophosphate glass is
higher than in the pure Auoride glass.

II. EXPKRIMENTAI TECHNIQUES

TABLE I. Dopant concentrations in wt% for the fluoro-
phosphate glass.

Sample
number

1

2
3
4
5
6
7
8
9

10
11

Crz03 (wt%%uo)

0.5
0
0
0
0
0
0
0.5
0.5
0.5
0.5

Nd~03 (wt%%uo)

0
0.1

0.5
1

2
3
5
0.5
1

2
5

Fluorophosphate glass samples were obtained with the
composition 21.74A1(PO3)3-57.8BaF2-16.96AlF3 in wt%
and doped with Cr203 and Nd203. The concentration of
both dopants in wt% is given in Table I. The glasses
were prepared by melting the precursor mixture in plati-
num crucibles in an electric furnace heated to 1200 C un-
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der a controlled atmosphere. Then the melt was poured
into a brass mould and annealed at 500'C. Finally, the
samples were cut and polished for optical measurements.

The sample temperature was varied between 4.2 and
300 K with a continuous Row cryostat. Conventional ab-
sorption spectra were performed with a CARY 5 spectro-
photometer. The emission measurements were made us-
ing the 633 nm emission line of a 15 mW He-Ne laser as
exciting light, which was chopped at 200 Hz. The
fluorescence was analyzed with a 0.22 m SPEX mono-
chromator, and the signal was detected by a Hamamatsu
R7102 extended IR photomultiplier and finally amplified
by a standard lock-in technique. The system response
was calibrated with a standard tungsten-halogen lamp
which was calibrated as well against a National Bureau of
Standards lamp, in order to correct the emission spectra.

Lifetime measurements were performed with a tunable
dye laser (1 ns pulse width), pumped by a pulsed nitrogen
laser. In order to describe the evolution of fIuorescence,
time-resolved spectroscopy has been used. The emission
measurements were obtained by exciting the sample with
a tunable dye laser and detecting the emission with a
Hamamatsu R7102 photomultiplier. The spectra were
processed by an EGG-Princeton Applied Research box-
car integrator.

III. SPECTROSCOPIC PROPERTIES OF Cr +

Before considering Cr +~Nd + energy transfer, the
optical spectra and Auorescence kinetics of Cr + ions will
be brieQy reviewed. A more extensive presentation of the
spectroscopic properties of Cr + ions was given by some
of the authors in a separate paper.

Figure 1(a) shows the room-temperature (RT) absorp-
tion spectrum of Cr + singly doped Auorophosphate
glass. The absorption spectrum shows the typical broad-
bands, identified as the vibronically broadened transitions
A2~ T2 centered around 15538 cm ', and A2 —+ T,

around 22522 cm '. The low-energy absorption band
shows a fine structure due to the spin-forbidden A 2 ~ E
and A2~ T, transitions. The assignment of this struc-
ture has been made following the Fano antiresonance in-
terpretation. ' The experimental energies of the ab-
sorption bands may be used to determine the strength Dq
of the octahedral crystal field and the Racah parameters.
The obtained Dq/B value shows that this glass provides
low field sites for Cr + ions. As a consequence the emis-
sion is characterized by a broad and structureless band
centered in the near infrared which corresponds to the
T2~ A2 transition. This emission shows a large Stokes

shift and is strongly dependent on temperature. Table II
contains a summary of spectroscopic data of Cr + in this
glass. The crystal field parameters Dq and B were calcu-
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FIG. 1. Room-temperature absorption spectra of (a) Cr203
(0.5 wt%) singly doped glass, (b) Nd203 (2 wt%) singly doped
glass, and (c) Cr203 (0.5 wt%), Nd203 (2 wt%) codoped glass.

lated using the Tanabe-Sugano matrix elements. " The
T2 emission peak position was used to determine a value

of Dq/B for the relaxed excited state with the formula

E( T2~ A~)

10B
(1)

Dq

RES

The time behavior of the Cr + Auorescence decay de-
pends on the excitation, emission wavelength, and tem-
perature. In addition, the decay is not single exponential
at all temperatures and wavelengths. The best fit of the
decay curves corresponds to a double-exponential func-
tion. The short-lived and long-lived components of the
experimental decays obtained by a least squares fit are
around 22 and 76 ps at liquid nitrogen temperature.
(LNT) for an emission wavelength of 880 nm.

The spectral dependence of the average lifetimes
[defined by r= f tI(t)dtI f I(t)dt] along the emission
band is plotted in Fig. 2. As can be seen the lifetimes
remain nearly constant at the shortest wavelength and
then decrease as the wavelength increases. If a homo-
geneous site distribution were to be present, a monotonic
dependence of lifetimes should be expected. These results
are therefore consistent with a model of two or more sub-

TABLE II. Spectroscopic data of Cr + in fluorophosphate glass. Dq/B is the octahedral crystal
field, (Dq/B)«s is the crystal field for the relaxed excited state, EEL is the Stokes shift, h v, is the peak
position of the T2~ A2 transition, and o. is the half-width of the emission band.

LNT
RT

Dq /B

2.16
2.12

(Dq /B)«s

1.58
1.6

AEz (cm ')

4223
3766

h v, (cm ')

11 519
11 772

o- (cm ')

997
1101
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FIG. 2. LNT lifetimes at different emission wavelengths
along the T&~ A& emission band for Cr'+ singly doped glass
for an excitation wavelength of 655 nm. The data correspond to
the average lifetime.

sets of Cr + ions with slightly different spectral depen-
dences. The spectral dependence of the decays along the
broad emission band, together with the results on time-
resolved excitation and emission spectra, pointed out the
existence of two statistical distributions for Cr + ions in
Auorophosphate glass with a slightly different spectral
dependence. If compared with the experimental results
in Auoride glasses, ' ' the mixed nature of the Auoro-
phosphate glass seems to enhance the site-dependent
effects.

The Cr + emission in this glass shows a strong temper-
ature dependence due to an increase of nonradiative tran-
sitions. The quantum efficiency at 300 K is low ( = 10%)
in accordance with the strong thermal quenching of
luminescence.

IV. SPECTROSCOPIC PROPERTIES OF Nd +

The absorption spectra of Nd + singly doped Auoro-
phosphate glass were obtained at 295 K in the 300—2500
nm spectral range. Figure 1(b) shows the absorption
spectrum for the sample with 2 wt% of Ndz03 in the
300—900 nm range of interest.

The absorption bands originating from the I9/p
ground state were integrated, and these data, along with
the values for the Nd + concentration and the refractive
index were fitted by a computerized least squares pro-
gram to yield the best fit values for the Judd' -Ofelt'
(JO) parameters Q~, f14, Q6. To estimate the JO parame-
ters we have used the reduced matrix elements, ~~U'~~,

reported by Carnall et al. ' for Nd + ions in LaF3.
The values that were obtained (Qz =2.78 X 10
04=4.24X 10, 06=4.5 X 10 cm ) are in good
agreement with those previously reported for the Nd +

ion in different Quorophosphate glasses. '

The Q4 and 06 parameters have been used to calculate
the radiative parameters for the laser emission state
F3/p The value of 402 ps was obtained for the radiative

lifetime.
The decays of the F3/p I$]/p transition for the

Nd~O3 concentrations (0.1, 0.5, 1, 2, and 5 wt%) were
obtained under laser-pulsed excitation at the

FIG. 3. Lifetimes as a function of temperature for singly
doped Nd glass with different concentrations (+) 0.1%, ( X )

0.5%, (+) 1%, (O) 2%%uo, and ( ) 5%. Lifetimes were obtained
by exciting at 575 nm and collecting the fluorescence at the
emission peak of the F3/p ~ I&, /, (1058 nm).
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FIG. 4. Effective decay rates of singly doped Nd + fluoro-
phosphate glass as a function of the square of Nd~O3 concentra-
tion at different temperatures: ( ) 4.2 K, ( O ) 77 K, and ( + )

300 K.

I9&z~ 65&& absorption band (575 nm) as a function of
temperature. These decays were found to be exponential
for all temperatures and concentrations. The lifetime
values as a function of temperature between 4.2 K and
300 K are presented in Fig. 3. The ratio of these experi-
mental lifetimes and the radiative lifetime yields the cal-
culated radiative quantum efficiency. At low concentra-
tion and temperature the measured lifetimes approach
the predicted purely radiative rate. As the concentration
rises the lifetimes remain exponential but a decrease in
the experimental lifetime is observed even at helium tem-
perature. As can be seen from Fig. 3, quenching of the
Nd + fluorescence by Nd +~Nd interactions is al-
ready present at concentrations higher than 1 wt %; any
further addition of Nd + shortens the lifetime and
reduces the quantum efficiency even at low temperatures.
Figure 4 shows the decay rates of 0.1, 0.5, 1, 2, 3, and 5
wt % samples at three different temperatures (room, ni-
trogen, and helium temperatures). In this concentration
range the effective decay rates show a linear dependence
on the square of Ndz03 concentration, indicating that
Nd +~Nd + energy transfer probably occurs in the
framework of a limited-diffusion regime. ' The
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FIG. 5. Lifetimes as a function of temperature for singly
doped Nd'+ pure fluoride glass (solid dots) and fluorophosphate
glass (open dots) with different Nd concentrations () 4.3 X 10
cm (2 mol% NdF3), (~) 10.8X10 cm (5 mol% NdF3),
(0) 3X10 crn (2 wt% Nd203), and ( ) 7.6X10 cm (5
wt% Nd203). Lifetimes were obtained by exciting at 575 nm
and collecting the fluorescence at the emission peak of the
F3/2 ~ I» ~2 ( 1058 nm) . Data for the fluoride glass correspond

to Ref. 7.

diffusion is, however, fast enough to give exponential
Auorescence decays.

As is well known the Nd + Auorescence quenching de-
pends on glass composition. For this mixed Auorophos-
phate glass we could expect an intermediate behavior be-
tween a pure phosphate and a pure Auoride. In a recent
work some of the authors have found a nearly linear con-
centration dependence (at low temperature) for the Nd +

luminescence in a pure Auoride glass. For comparison
Fig. 5 shows the thermal quenching of Nd + Auorescence
in the pure Auoride glass and in the investigated Auoro-
phosphate glass for several concentrations. As can be
seen in spite of the strong concentration quenching of the
Auorophosphate glass at low temperatures it has a weak
temperature dependence. On the contrary the pure
Auoride glass has a strong thermal quenching between 15
K and 100 K where the nonradiative rates were found to
increase with temperature as T . On the other hand,
generally, a pure phosphate glass does not show a strong
concentration quenching, its rate normally increases as
the square of Nd + concentration. Under these con-
siderations we could conclude that in spite of its high
Auoride content, our Auorophosphate glass shows a
behavior which is close to a typical phosphate glass.

V. Cr + ~Nd + ENERGY TRANSFER
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C
G)

320 420 520 620 720 820 920

Excitation Wavelength (nnn)

FIG. 6. LNT excitation spectrum of the Nd'+ fluorescence at
1058 nm for the codoped sample with 0.5% of Cr203 and 2% of
Nd203. The spectrum is not corrected for variations in the
source intensity.

A2~ T2 bands of Cr + besides the Nd + lines clearly
indicates that a Cr + to Nd + energy transfer takes
place.

Characteristic decays of the codoped glass were ob-
tained under laser-pulsed excitation at the center of the
A2~ T2 absorption band (655 nm) of Cr as a func-

tion of temperature at two different emission wavelengths
for all codoped samples. The lifetimes for Cr + were
measured at 820 nm, and for Nd + the emission was
monitored at 1058 nm. The time-dependent behavior of
the Cr + Auorescence from the codoped samples at 77 K
is shown in Fig. 7. This emission originated from the T2
level of Cr + exhibited a multiexponential behavior, and
a shortening of the lifetime as compared with the singly
doped glass, because of the additional probability for re-
laxation by nonradiative energy transfer to Nd +. The
decays obtained at the 1058 nm Nd + emission by excit-
ing the Cr + ions into the A2~ T2 absorption band
(655 nm) are exponential in all cases and the lifetimes de-
crease as the Nd + concentration increases.

The Auorescence decays for the 820 and 1058 nm emis-
sion were also measured in the 4.2 K—300 K temperature
range. The values of the Cr + emission lifetimes, moni-

+++++ Nd 0%

0-
L-
O

The RT absorption spectrum of codoped sample for
CrzO3 and Nd2O3 concentrations of 0.5% and 2%, re-
spectively, is shown in Fig. 1(c). The spectrum shows the
narrow Nd + transitions superimposed to the broad ab-
sorption bands of Cr +.

The LNT excitation spectrum of the Nd + lumines-
cence at 1058 nm for the codoped sample with 0.5% of
Cr203 and 2% of Nd203 is shown in Fig. 6. A high-
pressure xenon lamp and a 0.25 m grating monochroma-
tor were used. The presence of the broad A2 T, and

0 50 100
Time (p,s)

150 200

FIG. 7. Logarithmic plot of the fluorescence decays of the
T2~ A2 emission monitored at 820 nm, in the codoped glass

with different Nd203 concentrations, including zero, for an exci-
tation wavelength of 655 nm. Measurements correspond to 77
K.



Cr +~Nd + ENERGY TRANSFER IN FLUOROPHOSPHATE. . .

+++++ Nd 0%
xxxxx Nd O. )
+++++ Nd 1~
ooooo Nd gag«»Q Nd Se

N

C

QDGOO ]ps
1 6 -+++++ 2Ops

OOOOO

X X X

E

15-++ + +

0
0 60 120 180 240

+ X+++o o o o
+ + +o

D Q Q Q Q Q Q Q

300
0-—
700

~ ~ ~ g ~ g g ~ ~ C ~ ~ ~ k
~ ~ ~

900

Emission ~aveiength (nm)

FIG. 8. Lifetimes of the Cr emission as a function of tem-
perature in Cr + singly doped glass (+ ) and in the codoped sam-

ples with diFerent Nd203 concentrations: (X) 0.5%, (+) 1%,
(o) 2%, and (U) 5%. Lifetimes were obtained by exciting at
the center of the A2 —+ T2 absorption band (655 nm) and col-
lecting the fluorescence at 820 nm.

tored at 820 nm are shown in Fig. 8, which also includes
the lifetime of singly doped glass for comparison. The
Nd + decays, obtained by exciting the Cr ions into the

A z
—+ T2 absorption band (655 nm), as a function of

temperature for aH codoped samples are presented in Fig.
9. As can be seen from this figure the lifetimes decrease
as Nd + concentration and temperature increase.

A. Time-resolved emission spectra

FIG. 10. Time-resolved emission spectra taken at diFerent
time delays (between 1 and 150 ps) for the codoped glass with

2% of Nd203. The spectra are scaled and vertically shifted for
better visualization. Measurements were performed at 77 K, for
an excitation wavelength of 655 nrn.

and two dips around 800 and 870 nm due to radiative ab-
sorption by Nd + absorption bands in this spectral range.
These results show that even at quite a short time, radia-
tive and nonradiative energy transfer to Nd + exists. As
can be seen from this figure, at short times after pulsing,
both Cr + and Nd emissions are observed, but at 150
ps the emission spectrum mainly consists of Nd + bands,
since Cr + ions initially excited have already decayed
(lifetime =15 ps) and only long-lived Nd + ions (lifetime

E
e

Q) 150-

xxxxx gd O.5~)
,',' '- -l- Nd 1%
ooooo Nd 2m
»Q«Nd 5a

* + + $ f +X X
o + Xo o o o +

o
D 0

0 0
0

Q
D 0

G

The time-resolved (TR) emission spectra of Cr + singly
doped and codoped glasses were obtained at liquid nitro-
gen temperature at diFerent time delays after the pulsing
laser. Figure 10 presents the TR emission spectra for the
sample with 0.5% of Cr203 and 2% of Nd203 at diFerent
time delays ranging from 1 to 150 ps (gate widths ranging
from 20 to 500 ns). The spectra are vertically shifted for
better visualization and are scaled to have a similar
height. These spectra show, superimposed to the Cr +

emission, the Nd + emission around 900 and 10S8 nm,
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FIG. 9. Lifetimes as a function of temperature for all co-
doped samples with diFerent Nd~03 concentrations: ( X) 0.5%,
(+) 1'%, (o) 2%, and (H) 5%. Lifetimes were obtained by ex-

citing at the center of the A2~ T~ absorption band (655 nm)
and collecting at the emission peak of the F3/2 + I$ 1/2 transi-
tion.

FIG. 11. Comparison between ( X ) scaled time-resolved
emission spectrum of T2 —+ A2 transition in singly doped Cr'
glass, and (+) time-resolved emission spectrum of the codoped

samples with diFerent Ndz03 concentrations obtained at 1 ps
time delays. (a) Nd203 (1 wt%), (b) Nd&03 (2 wt %) (c) NdpO3

(5 wt%). The di8'erence between both spectra is represented by
a solid line. The spectra were obtained by exciting at 655 nm.
Measurements were performed at 77 K.
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=300 ps) make a contribution to the emission spectrum.
The presence of nonradiative Cr + ~Nd + energy

transfer was determined by observing the increased decay
rate of the Cr + fIuorescence with increasing Nd + con-
centration. It was also evident that together with a non-
radiative transfer, a radiative Cr + ~Nd + energy
transfer involving the emission of Cr + photons and sub-
sequent absorption by Nd + ions exists, as shown by the
dips in the TR emission spectra (see Fig. 10). In order to
make a qualitative estimate of this radiative contribution
and establish time-scale limits for the energy transfer,
very careful time-resolved emission spectra were per-
formed at 100 ns, 500 ns, and 1 ps time delays, exciting
the Cr ions in three codoped samples (Cr203 0.5%,
Ndq03 1%, 2%, and 5%). Since only the qualitative
comparison between emission spectra was of interest, no
corrections were made for the spectral response of the
system. As an example Fig. 11 shows these spectra nor-
malized with the one obtained for the Cr + singly doped
glass at 1 ps time delay. As can be seen from this figure
the subtraction between the scaled TR emission spectra
of Cr + singly doped glass and the TR emission of co-
doped samples shows the two Nd + emissions at 900 and
1058 nm and the Nd + absorptions corresponding to the
dips observed around 800 and 870 nm. From these re-
sults, some conclusions can be inferred: (i) As theoretical-
ly predicted, the radiative contribution to the transfer
represented by the dips in the emission spectra shows a
linear dependence on Nd concentration. (ii) As time
and Nd concentration increase, the luminescence from
the F3/2~ I$//2 I9/2 is enhanced as can be seen on the
upper side of the base line showing that an effective
transfer occurs. (iii) Cr + —+Nd + transfer is already
present below 100 ns, corresponding to transfer rates
higher than 10 s ' which are faster than nonradiative
relaxation of Cr + in the singly doped glass ( =10 s ').

The presence of nonradiative Cr + ~Nd + energy
transfer can be demonstrated by the time-dependent
behavior of the Cr + fluorescence from the codoped sam-
ples. Figure 7 showed an increasing rate for the Cr + de-
cays as a function of Nd + concentration due to the addi-
tional nonradiative relaxation probabilities. On the other
hand, the Cr + emission from the T2 level of a chromi-
um singly doped glass shows an intrinsic double-
exponential behavior, which can be related with the ex-
istence of slightly different statistical distributions of
Cr + ion environments. As energy transfer can be ex-
cluded between donors only a direct energy transfer to
acceptors can affect the Cr + lifetime at a given tempera-
ture. For this type of donor-acceptor system the Auores-
cence decay has been theoretically studied by Inokuti-
Hirayama under the assumption that energy transfer pro-
cesses result from electric multipole interactions.

According to the Inokuti-Hirayama model, if
higher-order processes can be neglected, the normalized
donor decay curves can be expressed by

5
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Time (ps)

FIG. 12. Cr'+ emission showing the fitting between the ex-
perimental decay curves (+ ) and the calculated ones for
dipole-dipole interaction (s=6) (solid lines) for the codoped
sample with 1 wt% of Nd203.. (a) using the average lifetime of
Cr'+ at 820 nm, and (b) using the short-lived and long-lived
components of the Cr'+ decay. Measurements correspond to 77
K.

B. Transfer efBciency

dipole, dipole-quadrupole, and quadrupole-quadrupole
interactions. X, is the acceptor concentration and Rp is
the critical transfer distance defined as the one for which
the probability for energy transfer between a given
donor-acceptor pair is equal to the donor intrinsic decay
probability ~p . To determine the appropriate multipole
interaction we have analyzed the measured Cr + decay
curves with respect to Eq. (2). Although it is difficult to
know the exact multipolar nature of the Cr +~Nd +

transfer process we have found that a dipole-dipole
transfer is consistent with the experimental decay intensi-
ties if account is taken of the short- and long-lived com-
ponents of the Cr + intrinsic lifetimes. Figure 12(a)
shows a least square fit of the experimental Cr + decay at
LNT of a codoped sample with Nd203 (1 wt %) to Eq. (2)
using the Cr + intrinsic average lifetime ~p. The obtained
value for Ro was 9.6+1 A. Figure 12(b) gives the fitting
to the linear combination A, &@(t,ro)+A, 24(t, gz) based on
Eq. (2) using the values of ro belonging to the short-lived
(s) and long-lived (I) components of the intrinsic Cr +

decays. In this last case a best fit is obtained giving to the
mean critical transfer distance a value of 8 A.

N(t) =exp
7p

4 3 3 t——mI 1 ——1V,.R p3 S 7p

3/s

(2)
The transfer efficiency was estimated according to the

expression

with S=6, 8, and 10, respectively, for electric dipole- g, (r)=l ——,

eap
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FIG. 13. Transfer efficiency as a function of temperature for
an emission wavelength of 820 nm, in codoped samples. (X)
0.5%, ( + ) 1%, ( O ) 2%, and ( ) 5%.

with ~ and ~o being the Cr + mean decay times moni-
tored at 820 nm, with and without Nd + ions. Figure 13
shows the transfer efficiencies for the codoped samples as
a function of temperature. As can be seen this transfer
efficiency presents a weak dependence on temperature.
Figure 14 gives the Cr + to Nd + transfer efficiency and
the estimated quantum efficiency of the Nd + emission as
a function of Nd + concentration at 300 K. As can be
seen, transfer becomes quite efficient at high Nd + con-
centrations. However, because of the strong lumines-
cence quenching of Nd + with concentration (see Sec. IV)
it is obvious that a compromise should be reached for
maximizing the sensitized luminescence emitted by
Nd +. In order to analyze this point, Nd + luminescence
emission measurements were performed on the codoped
samples in such a way that an absolute comparison could
be made among different Nd + concentrations. The ex-
perimental procedure was the one followed in Ref. 7.
The recorded fIuorescence of the measured samples nor-
malized to the 2% Ndz03 sample is given in Fig. 15. As
can be observed this sample has the highest luminescence
efficiency. In spite of this, the highest theoretical
efficiency, calculated by using the values of the
Cr + ~Nd + transfer efficiency and the quantum

Ndq03 concentration (wts)

FIG. 15. Integrated emission intensities of the F3/2~ I) )q2
transition (+), and theoretical efficiency g =g, q& ( ), calculat-
ed by using the values of the transfer efficiency g, and the quan-
tum efficiency g& of the Nd'+ emission, as a function of Nd203
concentration for the three codoped samples.

efficiency of the Nd + emission, corresponds to the 1%
sample. This disagreement (=10%%uo) is not surprising
considering the inherent errors in the measurements.

In order to compare the Cr + ~Nd + transfer
efficiency in a pure fluoride glass and in the fIuorophos-
phate glass under study, Fig. 16 shows the theoretical
efficiency calculated by using the values of the transfer
efficiency and the quantum efFiciency of the Nd + emis-
sion as a function of Nd + concentration. As can be ob-
served, at low Nd + concentration Auorophosphate glass
shows the highest efficiency. Nevertheless, as concentra-
tion increases the Nd + self-quenching governs the
transfer process and the efficiency of Auorophosphate
glass is significantly reduced.

VI. CONCLUSIONS

(i) Cr to Nd + radiative and nonradiative energy
transfer has been demonstrated from the time-resolved
emission spectra and the decrease of the Cr + Auores-
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FIG. 14. Cr'+~Nd'+ transfer efficiency calculated for an
emission wavelength of 820 nm (0), and Nd + estimated quan-
tum efficiency (~) vs Nd2O3 concentration in the codoped sam-
ples. Data correspond to 300 K.

FIG. 16. Theoretical efficiency g =g, g&, calculated by using
the values of the transfer efficiency q, and the quantum
efficiency g& of the Nd'+ emission, as a function of Nd + con-
centration (at 77 K) for the Auorophosphate glass ( o) and for a
pure fluoride glass (0). Data for the Auoride glass correspond
to Ref. 7.
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cence lifetime. The comparison between time-resolved
emission spectra from Cr + singly doped and codoped
samples allows us to evaluate the contribution of radia-
tive energy transfer which shows a linear dependence on
Nd + concentration.

(ii) Although it is difficult to establish the exact mul-
tipolar nature of the Cr + ~Nd + transfer process,
dipole-dipole transfer is consistent with the experimental
decay intensities if account is taken of the short- and
long-lived components of the Cr + intrinsic lifetime.

(iii) Transfer efficiency, which has been studied as a
function of acceptor concentration and temperature,
reaches 78% at room temperature for the highest Nd +

concentration.
(iv) Nd + luminescence emission measurements in the

codoped samples have been performed in such a way that
an absolute comparison could be made among different

Nd + concentrations. The codoped sample with 2% of
Nd203 shows the best luminescence efficiency. In spite of
this, the highest theoretical efficiency, calculated by using
the values of the Cr + ~Nd + transfer efficiency and the
quantum efficiency of the Nd + emission, corresponds to
the 1% sample.

(v) The transfer efficiency corrected for the Nd-Nd self
quenching is higher than in pure fluoride glass for Ndz03
concentrations below 2 wt %.
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