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M. J. Elejalde, R. Balda, J. Fernandez, and E. Macho
Departamento de Fisica Aplicada I, Escuela Tecnica Superior de Ingenieros Industriales y de Telecomunicacion,
Universidad del Pais Vasco, Alameda Urquijo s/n 48013 Bilbao, Spain

J.L. Adam
Universite de Rennes, Campus de Beaulieu, Laboratoire de Chimie Minerale D,
Avenue du General Leclerc, 35042 Rennes CEDEX, France
(Received 30 March 1992)

The optical properties of Cr’*-, Nd**-, and Cr’*:Nd3*-doped fluoride glass
(30BaF,-18InF;-12GaF;-20ZnF,-10YF;-6ThF,-4ZrF,) have been investigated in the 4.2-300-K tempera-
ture range at several concentrations by using steady-state and time-resolved laser spectroscopy. The
luminescence of trivalent chromium in singly-doped glass shows a strong thermal quenching and can be
analyzed on the basis of two broad statistical site distributions. The luminescence quenching of the
4Fy,,—*I,, ;, laser transition of Nd** in singly-doped glass has been studied by investigating the thermal
and concentration dependence of lifetimes. A T3 dependence for the nonradiative Nd**-Nd*"* relaxa-
tion has been found in the 15-100-K temperature range at high Nd** concentrations, which is in agree-
ment with a two-site nonresonant process. Cr’*-to-Nd** radiative and nonradiative energy transfer in
codoped glass has been demonstrated from the emission spectra and the decrease of Cr>* fluorescence
lifetimes. The comparison between the time-resolved emission spectra of Cr’** singly-doped and co-
doped samples indicates a very rapid Cr’* —Nd** energy-transfer process with a lower limit of 107 s™'.
The nonradiative Cr3* —Nd** energy transfer is consistent with an electric-dipole—electric-dipole in-
teraction mechanism. The transfer efficiency corrected for Nd**-Nd" self-quenching is in agreement
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with the measured Nd*>* luminescence transferred by Cr** donors.

I. INTRODUCTION

It is well known that luminescence of trivalent rare-
earth ions doped in inorganic solids can be enhanced or
quenched by the presence of other kinds of rare-earth or
transition-metal ions.! The mechanism that governs the
transfer and diffusion of electronic excitation between the
paramagnetic ions has been extensively studied?>”® be-
cause of its interest in research and development of laser
materials.

Among laser host materials, heavy-metal fluoride
glasses have received much attention since their
discovery 17 years ago because of their large transparen-
cy and facility to dissolve rare-earth or transition-metal
ions. The optical properties of these ions have been ex-
tensively investigated by many authors. A list of relevant
papers can be found in Refs. 9 and 10. More recently,
fluoride glasses based on barium, indium, and gallium
fluorides have been investigated because the multiphonon
edge is located further away (8 pm), and promising appli-
cations as optical fibers operating up to 5 um should be
expected. As far as quantum efficiency is concerned,
these glasses show multiphonon emission rates lower than
fluorozirconate glasses. !!

A knowledge of the most important laser parameters
requires a detailed spectroscopic study as a function of
concentration and temperature, relating optical proper-
ties with chemical composition of the host glass. Neo-
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dymium doped glasses are by far the most widely investi-
gated systems, and many of the observed luminescence
features for Nd>* ions are also applicable to other rare
earths.’ On the other hand, the Cr’* ion is likely to con-
tinue playing a central role in the development of solid-
state laser materials because of the broad *T,—*4,
emission band which predominates in a weak crystal field
octahedral environment. This electronic transition is also
responsible for the efficient sensitization of Nd>* if ener-
gy transfer from Cr’* to Nd*" is more probable than ra-
diative or nonradiative relaxation of the *T, state.
Efficient nonradiative energy transfer from Cr’* to Nd3*
has been observed in various glasses.'>” !¢ One of the
conditions for nonradiative energy transfer is the spectral
overlap of donor emission and acceptor absorption.>
This condition is well fulfilled in heavy-metal fluoride
glasses, where the broad *T,—*4,, Cr*" emission band
between 700 and 1200 nm overlaps the Nd>" absorption.
In recent works,!”"?° some of the authors investigated
the optical properties of Cr*" ion in heavy-metal fluoride
matrices studying the influence of the glass composition
on their spectral and temperature behavior.

The aim of this work is to describe the main features of
Cr*t to Nd®' energy transfer in the fluoride glass
of composition 30BaF,-18InF;-12GaF;-20ZnF,-10YF;-
6ThF,-4ZrF, (BIGaZYTZr) using steady-state and time-
resolved spectroscopy, and to determine the transfer and
luminescence efficiencies as a function of donor and ac-
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ceptor concentrations, and temperature. Before consider-
ing the transfer problem the optical properties of singly
doped Cr** and Nd>" glasses are also investigated.

II. EXPERIMENTAL TECHNIQUES

Fluoride glass samples doped with various concentra-
tions of chromium and neodymium were prepared at the
Mineral Chemistry Laboratory of the Rennes University
(France).

Samples were obtained with the molar composi-
tion 30BaF,-18InF;-12GaF;-20ZnF,-(10-x-y)YF;-6ThF,-
4ZrF,-xCrF;-yNdF; (BIGaZYTZr:Cr’*:Nd*"). The ex-
perimental method for preparing these fluoride glasses
has been well described in the literature.?! 23 The con-
centration of both dopants in moi% is given in Table I.

The sample temperature was varied between 4.2 and
300 K with a continuous flow 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
and the 514-nm emission line of an argon laser as exciting
light. The fluorescence was analyzed with a 0.22-m
SPEX monochromator, and the signal was detected by a
Hamamatsu R7102 extended ir photomultiplier and final-
ly amplified by a standard lock-in technique. The system
response was calibrated with a standard tungsten-halogen
lamp to correct the emission spectra.

Lifetime measurements were performed with a tunable
dye laser (1-ns pulse width). In order to describe the evo-
lution of fluorescence, 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 a EGG-PAR boxcar in-
tegrator.

III. EXPERIMENTAL RESULTS
A. BIGaZYTZr:Cr**

1. Absorption and emission spectra

The absorption and emission spectra in glasses are usu-
ally interpreted by the Tanabe-Sugano diagram for d 3

TABLE 1. Dopant concentrations in mol% for the

BIGaZYTZr fluoride glass.

Sample

number Cr*t (mol %) Nd** (mol %)
1 0.2 0
2 0 0.1
3 0 1
4 0 2
5 0 5
6 0.05 1
7 0.5 1
8 0.2 1
9 0.2 2

10 0.2 5
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systems with octahedral coordination, at least as far as
the energy levels are concerned. The use of this diagram
is justified because the Cr’>* ions tend to surround them-
selves octahedrally, and it has been shown that this is also
the case in glasses. 182472

Figure 1(a) shows the room temperature (RT) absorp-
tion spectrum of Cr**(0.2%) singly-doped BIGaZYTZr
fluoride glass. The absorption spectrum is characterized
by two spin-allowed broad bands, which can be identified
as the vibronically broadened transitions *4,—*T, cen-
tered around 655 nm and * 4, —*T; around 450 nm. The
*4,—*T, absorption band shows a fine structure due to
the spin-forbidden *4,—2E and *A4,—’T, transitions.
The assignment of this structure has been made following
the Fano antiresonance interpretation.>* 32 The Cr’*
emission spectrum in this glass is characterized by a
broad and structureless band, centered about 890 nm
which corresponds to the *T,—*A4, transition. This
emission shows a large Stokes shift (=~4000 cm™ ') and
strongly decreases with increasing temperature.

2. Emission lifetime results

The decay kinetics of the broad infrared emission of
Cr’" in BIGaZYTZr fluoride glass were studied as a
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FIG. 1. Room-temperature absorption spectra of (a) cr’t
(0.2%) singly-doped BIGaZYTZr fluoride glass, (b) Nd** (1%)
singly-doped BIGaZYTZr fluoride glass, and (c) crt
(0.2%):Nd>* (1%) codoped fluoride glass.
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function of temperature and emission wavelength. The
observed decays measured along the broad emission
band, under pulsed laser excitation, at the center of the
*A,—*T, absorption band (655 nm), can be described by
a double-exponential function throughout the whole tem-
perature range. This behavior persists even at lower con-
centrations (=0.05%), therefore indicating that
chromium-chromium interactions are not to be con-
sidered important in this case. Figure 2 shows, as an ex-
ample, the logarithmic plot of the intensity decay (excited
at 655 nm) at liquid nitrogen temperature (LNT) for
emission wavelengths of 820 and 1020 nm. These decays
correspond to the singly-doped fluoride glass
BIGaZYTZr:Cr3t (0.2%) and are well described by the
sum of two decaying exponentials. The short-lived and
long-lived components of the experimental decays ob-
tained by a least-squares fit are around 45 and 137 us at
LNT for an emission wavelength of 820 nm. These
values are only a qualitative indication of the double-
exponential character of the decays. It is evident from
the figure, that the time dependence of the decays varies
across the broad emission band shifting toward shorter
decay times as the wavelength increases.

For practical purposes we shall use the “average life-
time” defined by equation 7= [¢I(¢)dt/ [I(1)dt in the
analysis which follows. It is worthwhile noticing that the
calculated T are very close to the lifetime values obtained
by fitting the experimental curves to a singly-exponential
function (deviations |7— 7| are less than 10%), indicating
the weak double-exponential character of the decays.

The spectral dependence of the decays along the broad
emission band obtained under excitation at 655 nm is
plotted in Fig. 3. As can be seen the lifetimes remain
nearly constant on the high energy wing of the emission
band but then decrease as energy decreases.

Lifetime data, monitored at 820 nm and integrated
emission intensities f I(t)dt as a function of temperature,
are shown in Fig. 4. The strong temperature dependence
both of lifetimes and integrated emission intensities was
most likely attributed to the dominance of multiphonon
emission processes. !°
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FIG. 2. Logarithmic plot of the decays of the *T,—*4,
transition in BIGaZYTZr:Cr** (0.2%) fluoride glass monitored
at 820 and 1020 nm for an excitation wavelength of 655 nm.
Measurements were performed at 77 K.
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FIG. 3. LNT lifetimes at different emission wavelengths
along the *T, —* 4, emission band of BIGaZYTZr:Cr** (0.2%)
fluoride glass for an excitation wavelength of 655 nm. The data
correspond to the average lifetime.

3. Time-resolved emission spectra

As we mentioned before, the absorption and emission
spectra of Cr’" doped glasses are consistent with the fact
that Cr®™ lies in sites of nearly octahedral symmetry.33
We might thus expect to have a large range of available
sites for Cr’* ions in glasses. In spite of this, there are
experimental evidences, reported by some of the authors
in heavy-metal and transition-metal fluoride glasses!®?
pointing to the existence of two main site distributions of
Cr" ions in these glasses.

In order to confirm this hypothesis also in the
BIGaZYTZr fluoride glass matrix, time-resolved (TR)
emission spectra were performed. These spectra were ob-
tained at 77 K after exciting the sample with a tunable
dye laser at the peak position of the *4,—*T, absorp-
tion band. The evolution of the emission intensity at
different time delays between 1 and 250 us was investigat-
ed. At shorter time delays the spectrum shows similar
features to the steady-state spectrum, but for increasing
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FIG. 4. Average lifetimes 7(O) and integrated emission in-
tensities f I(t)dt(X) as a function of temperature for

BIGaZYTZr:Cr’* (0.2%) fluoride glass.
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time delays they show a blue shift and a narrowing of the
bandwidth. Figure S displays the first and second mo-
ments, calculated from the TR emission spectra. As
shown in this figure, the narrowing of the spectra and the
peak shift do not exhibit a monotonic variation with in-
creasing time as was observed in other systems.>* In this
case the variation is more pronounced at the first 50 us,
corresponding this time with the values for the short-
lived component of the decays.

B. BIGaZYTZr:Nd**

1. Absorption and emission spectra

Similar experiments were performed on the
BIGaZYTZr:Nd*t system. The room-temperature ab-
sorption spectra of BIGaZYTZr:Nd3" were measured in
the 300-2500-nm spectral range. Figure 1(b) shows the
absorption spectrum of Nd**(1%) sample in the
300-900-nm range of interest. The labels refer to the
Russell-Saunders levels to which the ground-state (*I ;)
ions are excited. The absorption bands originating from
the *I,,, 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 program to yield the best-fit values for the
Judd®-Ofelt’® (JO) parameters Q,, Q,, Q¢ To estimate
the JO parameters we have utilized the reduced matrix
elements, || U’||% reported by Carnall et al.>’ for Nd**
ions in LaF;. The obtained values (Q,=1.31X10"2%,
Q,=2.71X10"%, Q,=4.01X10"%° cm?) are in good
agreement with those previously referenced for the Ng**
ion in different glass materials. '3 ~43

The quality of the fit obtained from the absorption
spectrum of Nd** in this glass is shown in Table II,
where f,, is the measured absorption line strength ob-
tained from the absorption spectrum integration and f, is
the calculated absorption line strength obtained by using
the expression proposed in Judd’s theory.

The various radiative parameters for each emission lev-
el of the Nd** ions in this glass can be calculated using
the , parameters determined from the least-squares
fitting of absorption data. In Table III we report the re-
sults for the radiative transition probabilities ( 4), the
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FIG. 5. Time dependence of first and second moments ob-
tained from the corrected time-resolved emission spectra of
BIGaZYTZr:Cr’* (0.2%) fluoride glass. The time-resolved
emission spectra were obtained at 77 K by exciting at 655 nm
with time delays between 1 and 250 us and gate widths between
50 ns and 1 us. The broken curves are only a guide for the eye.

branching ratios (Bg), and the total spontaneous emis-
sion probability (Wjy), calculated for the laser emission
state *F;,,. The calculated value for the radiative life-
time was 537 us. According to Jacobs and Weber, *® the
intensity of the *F;,,—*I,, ,, laser transition is depen-
dent only on the Q, and Q¢ parameters. For a large cross
section (), and €4 are required to be as large as possible.
Since ), does not enter the branching ratios for the
Nd**, 4F, ,2 fluorescence can be expressed in terms of the

TABLE II. Measured (f,) and calculated (f.) absorption line strengths for Nd** in
BIGaZYTZr:Nd** (1%) fluoride glass.
Transition A (nm) 1078f,, 1078f, 1078 f,, — f.)
Iy, —*113,, 2502.0 110.70 108.31 2.39
I.s, 1649.0 22.82 16.01 6.81
*F3, 869.4 136.63 141.04 —4.41
Fs,, 2Hy s 797.9 508.06 501.27 6.79
Fi,, *S3p 740.9 516.53 545.02 —28.49
“Fo /s 679.3 36.83 40.51 —3.68
Hy 627.4 9.59 11.38 —1.79
*Gs2s *G1py 577.1 775.83 783.27 —7.44
K132, 4Gz, 4Gy )y 516.9 436.31 346.299 90.02
2K 152, 2Go )y, D3 s, *Giipa 466.7 116.73 84.92 31.81
P, D5, 427.1 32.51 39.17 —6.66
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TABLE III. Radiative property parameters for the
‘Fy,,—*I, (J=9/2, 11/2, 13/2, 15/2) transitions of
BIGaZYTZr:Nd*"* (1%) fluoride glass.

Transition ALJ) (571 Br
“Fip—*Lis, 9.9 0.005
“Fipn—tls 195.4 0.105
4F3/2 _>4Ill/2 950.6 0.511
“Fy—1 704.0 0.379
Wg 71 1859.9

Q,/Q¢ ratio. To maximize the fluorescence intensity to
*I,,,, one wants Q, <<Q¢. From the values of , and Q
obtained for BIGaZYTZr: Nd3*(19%) fluoride glass, the
spectroscopic quality factor ,/Q,=0.68 is in agreement
with the large By value for the *F;,, —*I,, ,, transition.

The *F;,,—*I,,,, steady-state emission spectrum at
1058 nm was measured at different temperatures by excit-
ing the samples with the 514-nm line of an argon laser.
The effective fluorescence linewidth corresponding to the
room-temperature (RT) spectra for all Nd** concentra-
tions are reported in Table IV. This effective fluorescence
linewidth was determined by integrating the fluorescence
line shape and dividing by the intensity at the peak
fluorescence emission wavelength.3® The radiative transi-
tion probability for emission together with the recorded
luminescence spectra makes it possible to evaluate the
stimulated emission cross section of *F; , —*I, ,, for the
four samples. These values were obtained using Eq. (8) in
Ref. 44, and are also displayed in Table IV.

Time-resolved emission spectra for this transition were
also performed by exciting the samples with a tunable
dye laser at the *I, , —*Gj ,, absorption band (575 nm) at
different time delays after laser pumping. No significant
variations were observed for the emission peak position
and bandwidth, as time increases between 1 and 700 us.
This behavior can be expected because in heavy-metal
fluoride glasses, rare-earth ions are embedded in well-
defined sites of the glass-forming network. 4’

2. Emission lifetime results

The decays of the *F;,—*I ,2 transition for four
Nd** concentrations (0.1, 1, 2, and 5 %) were obtained
under laser excitation at the *I,,—%Gs,, absorption
band (575 nm) as a function of temperature. These de-
cays were found to be the single exponential for all tem-
peratures and concentrations. The lifetimes values as a
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function of temperature between 4.2 and 300 K are
presented in Fig. 6.

The radiative lifetime, calculated from the absorption
parameters and measured fluorescence lifetimes of the
four samples at RT are given in Table IV. The ratio of
these lifetimes yields the calculated radiative quantum
efficiency presented in the same table.

C.BIGaZYTZr:Cr3*:Nd** fluoride glass

1. Absorption and emission spectra

The room-temperature absorption spectrum of co-
doped BIGaZYTZr fluoride glass, for Cr** and Nd**
concentrations of 0.2% and 1%, respectively, is shown in
Fig. 1(c). The spectrum shows the typical broad absorp-
tion bands of Cr** in addition to the narrow Nd** tran-
sitions.

Figure 7 shows the steady-state emission spectra of the
same sample obtained at different temperatures (4.2, 77,
and 295 K) by exciting at 633 nm into the *4,—*T, ab-
sorption band. At this wavelength only Cr’" absorbs, so
the appearance of the Nd*>* fluorescence around 890 nm
(*F5,,—*I,,,) and the *F;,,—*I,, ,, emission at 1058
nm shows that energy transfer from Cr’* to Nd**
occurs. The dips around 790 and 870 nm, observed in the
emission spectra, are due to Nd*+ absorption. There is
excitation of Nd>* by direct absorption of photons emit-
ted by Cr**, indicating the existence of radiative energy
transfer. As can be seen from this figure the total emis-
sion intensity substantially decreases with increasing tem-
perature.

2. Emission lifetime results

Characteristic decays of the codoped glass were ob-
tained under laser pulsed excitation at the center of the
*A4,—*T, absorption band (655 nm) as a function of tem-
perature at different emission wavelengths for all samples.
The lifetimes for Cr’* were measured at 820 nm and the
Nd*" emission was followed by monitoring the 1058-nm
emission line. The 820-nm emission originated from the
*T, level of Cr’* exhibited a nonexponential behavior
with an average lifetime of about 41 us. The same behav-
ior was found for the three samples with a different Cr’*
concentration. The shortening of the lifetime (=50 us)
as compared with the singly-doped sample, is ascribed to
nonradiative energy transfer to Nd>*. When the Nd**
concentration increases, the Cr3* decays become faster
indicating an increasing transfer rate. Figure 8 gives the
logarithmic plot of the intensity decays at 77 K moni-

TABLE IV. Room temperature emission properties of Nd** singly-doped BIGaZYTZr fluoride

glass.
4F3/2—>4111/2
Tr (us) Texpt (145) Mo Avg (cm™}) o, (10 cm?)
Nd (0.1%) 447 0.83 232 2.68
Nd (1%) 537 409 0.76 229 2.68
Nd (2%) 317 0.59 224 2.66
Nd (5%) 95 0.18 231 2.68
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FIG. 6. Lifetimes as a function of temperature for singly-
doped Nd** glass with different Nd>* concentrations. (X)
0.1%, (+) 1%, (O) 2%, and () 5%. Lifetimes were obtained
by exciting at 575 nm and collecting the fluorescence at the
emission peak of the *F,, —*I,, ,, transition.

tored at 820 nm for a 0.2% Cr’" concentration and
different Nd** concentrations, zero included. Figure 9
presents the LNT logarithmic plot of the 1058-nm emis-
sion for the codoped glass with three different Nd** con-
centrations. The decay is exponential in all cases and the
lifetime decreases as the Nd** concentration increases.
The fluorescence decays for the 820- and 1058-nm
emissions were also measured as a function of tempera-
ture. The decay time of the Cr**t emission was measured
in all samples in the 77-295-K range. The values of
these lifetimes are shown in Fig. 10, which also includes,
for comparison, the lifetime of BIGaZYTZr:Cr’**(0.2%)
singly-doped fluoride glass already reported in Fig. 4.
The data correspond to the “average lifetime.” Because
of the intensity decrease of Cr’" emission when Nd3*
concentration increases, there was some difficulty in the
accurate measurements of lifetimes for the sample with a
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FIG. 7. Steady-state (SS) emission spectra of

BIGaZYTZr:Cr** (0.2%):Nd** (1%) fluoride glass, obtained at
different temperatures (4.2, 77, and 295 K) by exciting at the
*4,—*T, absorption band with the 633-nm line of a He-Ne
laser. The spectra are not corrected for the spectral response of
the system.
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FIG. 8. Logarithmic plot of the fluorescence decays of the
4T,—*A4, emission monitored at 820 nm, in the codoped BIGa-
ZYTZr fluoride glass with Cr** (0.2%) and different Nd** con-
centrations, zero included, for an excitation wavelength of 655
nm. Measurements correspond to 77 K.

5% of Nd** above 100 K.

The decays obtained at the 1058-nm Nd*" emission by
exciting the Cr’" ions into the *4,—*T, absorption
band (655 nm) are presented in Fig. 11. As can be seen
from this figure the lifetimes decrease as Nd>* concentra-
tion increases, and are temperature dependent.

3. Time-resolved emission spectra

The time-resolved emission spectra of Cr’% singly-
doped and Cr**,Nd**-codoped fluoride glasses were tak-
en at liquid nitrogen temperature at different time delays
after pulsing. Figure 12 presents the TR emission spectra
for the sample with 0.2% of Cr’* and 1% of Nd** at
different time delays ranging from 100 ns to 200 us (gate
widths ranging from 10 ns to 1 us). The spectra are verti-
cally shifted for better visualization and are scaled to
have a similar height. These spectra show, superimposed
to the Cr®" emission, the Nd>" emission around 890 and

0
& 1058nm

In [I(t) (arb. units)]

—24 ooooo ngssxi
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FIG. 9. Logarithmic plot of the fluorescence decays of the
*F,,,—*I,,,, emission monitored at 1058 nm, in the codoped
BIGaZYTZr fluoride glass with Cr’* (0.2%) and different Nd**
concentrations: (+) 1%, (O) 2%, and () 5%, for an excita-
tion wavelength of 655 nm. Measurements correspond to 77 K.
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FIG. 10. Lifetimes of the Cr’** emission as a function of tem-
perature in BIGaZYTZr:Cr*" (0.2%) singly-doped fluoride
glass (*) and in the codoped samples: (+) Cr** (0.2%):Nd>*
(1%), (0) Cr** (0.2%):Nd** (2%), and (O) Cr** (0.2%):Nd>*
(5%). Lifetimes were obtained by exciting at the center of the
*4,—*T, absorption band (655 nm) and collecting the fluores-
cence at 820 nm.

1058 nm, and two dips around 790 and 870 nm due to ra-
diative absorption by Nd** absorption bands in this spec-
tral range. These results show that even at quite a short
time, radiative and nonradiative energy transfer to Nd**
exists. As can be seen from this figure, there is a decrease
in the emission of the *T), level of Cr’" as time delay in-
creases from 100 ns to 200 us. The emission decay of
Cr’* (=41 ps) is much faster than the decay of the *F, ,
(=400 us) of Nd3™, and therefore at 200 us after pulsing,
the *T, emission of Cr’* nearly disappears, while emis-
sion originating from *F; ,, level still exists. This behav-
ior was found to be independent of Cr®* concentration.
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FIG. 11. Lifetimes as a function of temperature for all co-
doped samples with Cr’** (0.2%). Lifetimes were obtained by
exciting at the center of the *A,—*T, absorption band (655
nm) and collecting at the emission peak of the *F;,,—*I,,,,
transition. (+) Nd** (1%), (o) Nd** (2%), and (O) Nd**
(5%).
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FIG. 12. Time-resolved emission spectra taken at different
time delays (between 100 ns and 200 us) for the codoped
fluoride glass BIGaZYTZr:Cr’* (0.2%):Nd** (1%). The spec-
tra are scaled and vertically shifted for better visualization.
Measurements were performed at 77 K, for an excitation wave-
length of 655 nm.

IV. DISCUSSION

A. BIGaZYTZr:Cr’+

As we mentioned before, the main features of the ab-
sorption and emission spectra of Cr** in BIGaZYTZr
fluoride glass can be broadly interpreted in terms of a
crystal-field diagram. Because of the structural disorder
inherent to a glass we might expect a large continuous
range of slightly distorted octahedral sites available to
Cr** ions. Nevertheless, the experimental results on
fluorescence lifetimes and time-resolved spectra, shown in
Sec. IIT A, point to the existence of two main site distri-
butions for Cr3" ions in BIGaZYTZr fluoride glass. Fig-
ure 3 (Sec. IIT A) showed the average lifetimes within the
4T,—*4, emission band after excitation with the 655-
nm line. It is worthwhile noticing that at short wave-
lengths the lifetime remains nearly constant and then de-
creases linearly as the wavelength increases throughout
the *T, —* 4, emission band. If a homogeneous site dis-
tribution were to be present, a monotonic decrease of life-
times with increasing emission wavelength should be ex-
pected. These results are consistent with a model of two
or more subsets of Cr’* ions with a slightly different
spectral dependence. The double-exponential character
shown by the shape of lifetime curves under laser excita-
tion also reinforces this hypothesis. As we shall see
below, energy transfer or cross relaxation between Cr’™
in spectrally different sites can be disregarded as shown
by time-resolved fluorescence.

The influence of different sites on the time dependence
of emission spectra may help to clarify our understanding
of Cr** site distributions. At short time delays (1 us) the
TR emission spectra do not show significant differences
from the SS spectra, and the fluorescence is characteristic
of the whole distribution of ions. When time increases,
the ions with the shorter lifetimes have decayed and
make no contribution to the delayed fluorescence. As a
consequence a blueshift and a monotonic narrowing
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should appear.®* In spite of this, Fig. 5 showed that the
blueshift and half-width narrowing display an abrupt
change in the time interval between 1 and 50 us which
roughly covers the short-lived component of the experi-
mental decays. If energy transfer or cross relaxation be-
tween Cr’" jons were present, energy would migrate to-
ward the lower energy sites giving a redshift instead of
the blueshift observed.

The Cr** emission in this glass shows a strong temper-
ature dependence (see Fig. 4) attributed to an increase of
nonradiative transitions. The thermal quenching of
the luminescence for Cr** in a similar matrix of compo-
sition 30BaF,-18InF;-12GaF;-20ZnF,-10YF;-10ThF,
(BIGaZYT) has been reported by some of the authors. !’
In this study the thermal quenching was discussed in
terms of the quantum-mechanical single configurational-
coordinate QMSCC model*® with different constant
forces in the ground and excited states, and a quite good
agreement with the experimental results was found. We
have compared the temperature dependence of nonradia-
tive decay rates for Cr’t in BIGaZYT! and
BIGaZYTZr fluoride glasses and no significant difference
was found, therefore confirming the same thermal
quenching mechanism.

B. Nd** —Nd** energy transfer

The lifetime of *F;,, state of Nd*" ion in the singly-
doped glass should be governed by a sum of probabilities
for several competing processes: radiative decay, nonra-
diative decay by multiphonon emission, and by energy
transfer to other Nd** ions. At low temperatures and
low concentrations, the measured lifetimes are singly ex-
ponential and nearly approach to the predicted purely ra-
diative rate, hence the rate of nonradiative decay by mul-
tiphonon emission must be small. As the concentration
rises the decay remains singly exponential but a decrease
in the experimental lifetime is observed (see Fig. 6) even
at helium temperature. This behavior could be associated
with rapid energy diffusion between Nd** ions that can
lead to a spatial equilibrium within the Nd** system. In
the transfer rapid limit the donor transfer takes place so
quickly that the transfer times for different donor-
acceptor pairs are averaged out and the whole system ex-
hibits a simple exponential decay as is experimentally ob-
served. 748

This behavior was also found in another Nd** doped
system by carrying out measurements at different concen-
trations and temperatures.*** In our case the measured
lifetime of the *F,,, state at 4.2 K for the 0.1% Nd**
sample is about 16% lower than the calculated radiative
lifetime using the Fuchtbauer-Ladenburg equation.*
This discrepancy seems too high to be related to the JO
model and we think it is probably due to the onset of fast
transfer processes between Nd*>* ions. Figure 13 shows
the decay rates (7~ !) of 0.1, 1, 2, and 5 % Nd** samples
at room, liquid nitrogen, and liquid helium temperatures.
An outstanding result is that the decay rates are nearly
linear dependent on concentration at low temperatures.
This result has also been found by other authors in con-
centrated Nd>" systems and the implications of fast
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FIG. 13. Decay rates (7 ') of singly-doped

BIGaZYTZr:Nd** fluoride glass as a function of concentration
at different temperatures: (O0) 4.2 K, (+) 77 K, and (O) 300 K.

diffusion on the concentration dependence of Nd** self-
quenching have been pointed out. **%

A detailed study of the thermal dependence of lifetimes
was presented in Fig. 6. These results suggest the pres-
ence of a quite strong thermal quenching mechanism be-
tween 15 and 100 K. As mentioned above the multipho-
non relaxation rate for the *F;,, manifold is expected to
be small because of the high energy gap to the next
lower-lying J manifold (5438 cm™') and the typical
values of phonon energies involved (=450 cm™'). If we
disregard these multiphonon relaxation processes, relaxa-
tion via fast Nd-Nd diffusion processes and subsequent
deexcitation via energy sinks should be taken into ac-
count, as they occur even at low temperatures. In order
to evaluate the temperature dependence of these nonradi-
ative Nd-Nd relaxation processes we have used the exper-
imental measured lifetimes and the simple relation

Tamt =T + Wyana(T) ,

where 7., is the measured lifetime and 7 represents the
radiative lifetime. Figure 14 shows the plot of
[ Wanana(T)— Wyang (00172 in the 15-100-K range for
2% and 5% Nd** concentrations. It is worthwhile no-
ticing the good fitting of Wyyng to a T° dependence.
This could correspond to a two-site nonresonant process
in the short-wavelength regime as has been shown by
Holstein et al.”! In this process, the phonon emission
and absorption takes place at different sites, the ion-
phonon interaction acts twice, and the site-site Hamil-
tonian once. This phonon-assisted excitation transfer be-
tween different states of similar ions could be understood
by taking into account a small spread in the energy
values of *F; ,, transitions to the J multiplicity due to the
inherent disorder of the glass structure. Under these con-
ditions two phonon processes can dominate whether (i)
the two-phonon-assisted transfer coherence factor shows
lack of interference or (and) (ii) because of a small phonon
density of states at the energy mismatch. !

Due to the singly-exponential character of lifetimes for
all concentrations and temperatures no attempt was
made to investigate any other possible physical process
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FIG. 14. Plot of the nonradiative Nd-Nd relaxation rate in
the 15-100-K temperature range for (a) BIGaZYTZr:Nd3*
(2%) and (b) BIGaZYTZr:Nd** (5%) fluoride glasses. Symbols
stand for the experimental values, and solid lines are the fit to a
T3 dependence.

for the Nd-Nd interaction leading to the observed
luminescence thermal quenching.

C. Cr®** > Nd*" energy transfer

As we have seen in Sec. III C pulsed selective excita-
tion and steady-state measurements of codoped Cr’™*,
Nd3* BIGaZYTZr fluoride glass have demonstrated the
existence of efficient Cr’* to Nd3" energy transfer. It
was also evident that together with a nonradiative
transfer a radiative contribution exists as shown by the
dips in the emission spectra (see Fig. 7). In order to
evaluate this contribution and establish time-scale limits
for the energy transfer, very careful time-resolved emis-
sion spectra were performed at 100-ns, 500-ns, and 1-us
time delays, exciting the Cr*? ions in three codoped sam-
ples (Cr** 0.2%, Nd** 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. Figures 15-17 show these spec-
tra normalized with the one obtained for the Cr** (0.2%)
singly-doped fluoride glass at the same time delays. As
can be seen from these figures the substraction curve be-
tween the scaled TR emission spectra of Cr’t (0.2%)
singly-doped fluoride glass and the TR emission of co-
doped samples with Cr3* (0.2%), Nd** (1, 2, and 5 %)
shows the two Nd** emissions at 890 and 1058 nm and
the Nd>* absorptions corresponding to the dips observed
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around 790 and 870 nm. From these results, some con-
clusions can be inferred. (i) The radiative contribution to
the transfer represented by the dips around 790 and 870
nm shows a weak dependence on Nd**' concentration
and amounts to a 10% of the whole Cr** emission for
the sample with 1% Nd**. No appreciable changes are
observed for different time delays. (ii) As time and Nd>*
concentration increase, the luminescence from the
*Fy,,—*I,1,5, Iy, is enhanced and can be easily
identified at the upper side of the base line showing that
an effective transfer occurs. (iii) Cr®** —Nd3" transfer is
already present below 100 ns, corresponding to transfer
rates higher than 10’ s~! which are faster than the nonra-
diative relaxation of Cr®* in the singly-doped fluoride
glass (=~10*s™1).

The presence of nonradiative Cr’t—Nd>' energy
transfer was demonstrated by observing the time-
dependent behavior of the Cr’* fluorescence from the co-
doped samples. As has been shown in Fig. 8 the Cr3™" de-
cay becomes faster when Nd3* concentration increases
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FIG. 15. Comparison between (X ) time-resolved emission
spectrum of *T,—*4, transition in BIGaZYTZr:Cr** (0.2%)
fluoride glass at a time delay of 100 ns, and (+) time-resolved
emission spectrum of the codoped glass obtained at the same
time delay. The scaled difference between both spectra is
represented by a solid line. (a) BIGaZYTZr:Cr’* (0.2%):Nd>*
(1%), (b) BIGaZYTZr:Cr** (0.2%):Nd** (2%), and (c)
BIGaZYTZr:Cr’* (0.2%):Nd** (5%) fluoride glasses. The
spectra were obtained by exciting at 655 nm. Measurements
were performed at 77 K.
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because of the additional nonradiative relaxation proba-
bility. On the other hand, the Cr®" emission from the
“T, level of a singly-chromium-doped BIGaZYTZr
fluoride glass (also shown in Fig. 2), shows an intrinsic
double-exponential behavior, which can be related with
the existence of slightly different statistical distributions
of Cr*" ion environments. As energy transfer can be ex-
cluded between donors (see Sec. IV A) only direct energy
transfer to acceptors can affect the Cr’" lifetime at a
given temperature. The transfer can occur via multipolar
or exchange interactions,® with the electric dipole-dipole
transfer process as the most probable one at the concen-
trations used.’? According to the Inokuti-Hirayama
model,* if higher-order processes can be neglected, the
normalized donor decay curves can be expressed by

3/s
SRR S PO } ,
N
(1)

To

®(t)=exp 1—= |N,R}

To 3

with §=6, 8, and 10, respectively, for electric dipole-
dipole, dipole-quadrupole, and quadrupole-quadrupole
interactions. N; is the acceptor concentration and R is
the critical transfer distance defined as the distance for
which the probability for energy transfer between a given
donor-acceptor pair is equal to the donor intrinsic decay

probability 7, !. Although it is difficult to establish the
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FIG. 16. The same comparison as in Fig. 15 but at a time de-
lay of 500 ns.
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exact multipolar nature of the Cr*" —Nd*" transfer pro-
cess we have found that a dipole-dipole transfer is con-
sistent with the experimental decay intensities if account
is taken of the short and long-lived components of the
Cr’t intrinsic lifetimes. Figure 18(a) shows a least-
square fit of the experimental Cr’" decay at LNT of a
Cr3t(0.2%),Nd** (1%)-codoped BIGaZYTZr fluoride
glass sample to Eq. (1) using the Cr’" intrinsic average
lifetime 7;,. The obtained value for R, was 91 A. Fig-
ure 18(b) gives the fitting to the linear combination
A ®(1,75)+A,®(1,73) based on Eq. (1) using the values of
7o belonging to the short (s) and long-lived (/) com-
ponents of the intrinsic Cr’" decays.

Using the Dexter® energy transfer probability Wir;)
for interionic dipole-dipole coupling and the above
definition of R, it is possible to obtain an independent
way of evaluating R (and therefore of testing the dipole-
dipole hypothesis):

3htc*Q; F,(E)F,{(E)
(ry)= 6Qj [ L —dE , 2)
6477'5r{jn T E

where Q; is the absorption cross section of the acceptor
ion j, r;; is the separation of the donor-acceptor pair, 7;
the donor radiative lifetime, and K is a local field correc-
tion factor (which can be taken ~1).%? In the spectral
overlap integral F;(E) and F;(E) are normalized line-
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FIG. 17. The same comparison as in Figs. 15 and 16 but at a
time delay of 1 us.
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shape functions for the donor emission and acceptor ab-
sorption, respectively. Taking r; =R, in Eq. (2), then

Wr,=1, and R, can be found from the relation®>3
3h%ctQ, . F, (E)F (E)
Ré=n ! dE , (3)
O 64nn ol

where 7 is the quantum eﬁiciency of the Cr’" emission.
Using data from the spectra of  the
Cr’*(0.2%),Nd’* (1%)-codoped sample a value of
R,=10%1 A is obtained. Account taken of the inherent
errors in the preceding calculations, this value supports
the dipole-dipole coupling hypothesis. An average criti-
cal distance R, was also estimated at room temperature
for the three codoped samples using the relation®

R=(3/47C)"3, where C is the Nd** acceptor concen-
tration. The results were R(A)=10.3, 8.2, and 6.0 for
the 1%, 2%, and 5% Nd3* concentration, respectively.
The value of 10.3 A for the 1% Nd** sample is well in
accordance with the above calculations.

1. Transfer efficiency

The transfer efficiency was estimated according to the
expression

n,(f>=1—Ti , @)
0
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FIG. 18. Cr’" emission showing the fitting between the ex-
perimental decay curves (+) and the calculated ones (solid lines)
for BIGaZYTZr:Cr** (0.2%):Nd** (1%) fluoride glass: (a) us-
ing the average lifetime of Cr’" at 820 nm and (b) using the
short-lived and long-lived components of the Cr** decay. Mea-
surements correspond to 77 K.
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with 7 and 7, being the Cr** mean-decay times moni-
tored at 820 nm, with and without Nd** ions. Figure 19
gives the Cr®" to Nd*" transfer efficiency and the es-
timated quantum efficiency of the Nd>" emission as a
function of Nd** concentration for a 0.2% Cr** sample
at 77 K. (No appreciable dependence on transfer
efficiency was observed on Cr’* concentration.) As can
be seen, the transfer is quite efficient at high Nd** con-
centrations. However, because of the strong lumines-
cence quenching of Nd** with concentration (see Sec.
IV B) it is obvious that a compromise should be reached
for maximizing the luminescence emitted by Nd** as a
consequence of transfer. In order to clarify this point,
Nd** luminescence emission measurements were per-
formed on the codoped samples in such a way that an ab-
solute comparison could be made among different Nd**
concentrations. The following procedure was used.>*
The fluorescence of the three codoped samples was excit-
ed using the 633-nm line of a power established He-Ne
laser. The samples were thin slabs cut and polished to
have exactly the same thickness. The pumping radiation
was focused into the sample using a microscope stage
with a 0.25-m monochromator and a photomultiplier at
the tube end. A low magnifying objective was used for a
close approximation to the upper surface of the sample.
To avoid the direct entrance of the pumping light on the
monochromator appropriate filters were used. Moreover,
the Bertrand lens of the polarizing microscope could be
also used to slightly misalign the path of the remaining
pumping light reaching the entrance slit of the mono-
chromator. The sample was placed so that the spectrom-
eter collected all the luminescence coming from the sam-
ple volume contained within the solid angle subtended by
the microscope objective. The recorded fluorescence of
the measured samples normalized to the 2% Nd>* sam-
ple is given in Fig. 20. As can be observed this sample
has the highest luminescence efficiency. In the same
figure we also show the theoretical efficiency n=1,7,
calculated by using the values of the transfer efficiency 7,
and the quantum efficiency 7y of the Nd** emission. It
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FIG. 19. Cr’** —Nd** transfer efficiency calculated for an
emission wavelength of 820 nm (O ), and Nd** estimated quan-
tum efficiency (@) vs Nd*>* concentration in the codoped sam-
ples with a Cr** concentration of 0.2%. Data correspond to 77
K.
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FIG. 20. Integrated emission intensities of the *F;,, —*I,;
transition (OJ), and theoretical efficiency 7=7,14,(0), calculat-
ed by using the values of the transfer efficiency 7, and the quan-
tum efficiency 7 of the Nd** emission, as a function of Nd**
concentration for the three codoped samples with a Cr’" con-
centration of 0.2%.

is worthwhile noticing the good agreement obtained by
the two different approaches.

Figure 21 shows the transfer efficiencies for the
different samples as a function of temperature. Because
of the aforementioned difficulties for measuring lifetimes
in the 5% Nd** codoped fluoride glass, only the value at
77 K is shown for this concentration. Finally, in Fig. 22
a comparison between luminescence thermal quenching
of the Nd** emission from level *F; ,, for singly-doped
and codoped fluoride glasses is shown. The decrease of
lifetimes with temperature is somewhat different for the
lowest Nd3* concentration. In fact, a small nonexponen-
tial portion was observed at the initial part of the decay
in the 1% Nd** codoped fluoride glass at 4.2 K, pointing
to a weak Nd** —Cr’* back transfer process. Figure 23
shows the logarithmic plots of the 1% Nd** singly-doped
and codoped samples. As can be observed the long-term
components of the decays are the same. At higher tem-
peratures, the nonexponential part of the decay disap-
pears. For higher Nd** concentrations only single-
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FIG. 21. Transfer efficiency as a function of temperature cal-
culated for an emission wavelength of 820 nm, in codoped
BIGaZYTZr:Cr’":Nd*>* fluoride glass samples with Cr®*
(0.2%).
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FIG. 22. Lifetime data as a function of temperature for Nd>*
singly-doped fluoride glass (obtained by exciting at 575 nm) and
the codoped sample with the same Nd3* concentration (ob-
tained by exciting at 655 nm), monitored at 1058 nm. (a) (+)
Nd** (1%), (%) Cr’* (0.2%):Nd** (1%), (b) (0) Na** (2%),
(@) Cr** (02%):Nd** (2%), and (c) (O) Nd** (5%), (W) Cr*™*
(0.2%):Nd** (5%).
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FIG. 23. Logarithmic plot of the fluorescence decays of the
*F,,,—*I,,,, emission monitored at 1058 nm, in the codoped
BIGaZYTZr fluoride glass with Cr** (0.2%), Nd** (1%) (ob-
tained by exciting at 655 nm) and in the singly-doped
BIGaZYTZr:Nd*" (1%) fluoride glass (obtained by exciting at
575 nm). Measurements correspond to 4.2 K.
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exponential decays are observed, revealing that Nd-Nd
fast diffusion dominates over any other deexcitation pro-
cess.

V. CONCLUSIONS

From the above results the following conclusions can
be reached.

(i) From the steady-state optical absorption and
luminescence measurements we conclude that Cr** is in-
corporated, on the average, in octahedrally coordinated
sites. The blueshift and narrowing of time-resolved emis-
sion spectra, together with the wavelength dependence
shown by lifetimes along the 4T2—>“A2 emission band,
and the double-exponential character of the decay can be
related with the existence of two slightly different statisti-
cal distributions of Cr** ion environments.

(ii) The emission lifetimes from the *F;,, state in the
Nd*" singly-doped samples are single exponential. As
the concentration rises the decay remains single exponen-
tial but a decrease in the experimental lifetime is observed
even at helium temperatures, indicating that relaxation
via fast Nd-Nd diffusion processes occurs. The lumines-
cence thermal quenching of *F;,, —*I,,,, transition has
been investigated from the thermal behavior of lifetimes
and a T* dependence for the nonradiative Nd-Nd relaxa-
tion processes has been found in the 15-100-K tempera-
ture range at Nd** concentrations higher than 1% which
is in agreement with a two-site nonresonant process.

(iii) Cr’* to Nd** radiative and nonradiative energy
transfer has been demonstrated from the emission spectra
and the decrease of the Cr3" fluorescence lifetime. The
comparison between time-resolved emission spectra from
Cr** singly-doped and codoped samples allows us to
qualitatively evaluate the contribution of radiative energy
transfer which shows a weak dependence on Nd** con-
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centration and time.

(iv) Although it is difficult to establish the exact mul-
tipolar nature of the Cr’*—Nd3" 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.

(v) The characteristic critical transfer distance R is
determined for the BIGaZYTZr:Cr**(0.2%),Nd**(1%)
fluoride glass sample from two different sources, the de-
cay curves of Cr>" in the presence of Nd**, and the spec-
tral data for Cr** and Nd** ions. The obtained values
(=10 A) show a good agreement supporting the dipole-
dipole transfer hypothesis.

(vi) Transfer efficiency, which has been studied as a
function of donor and acceptor concentration, and tem-
perature, reaches an 80% for the highest Nd** concen-
tration. No appreciable dependence was observed on
Cr** concentration.

(vii) 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 a 2% of
Nd** shows the best luminescence efficiency in agree-
ment with the highest theoretical efficiency calculated by
using the values of the Cr’* —Nd** transfer efficiency
and the quantum efficiency of the Nd>* emission.
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