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Optical properties of chromium-doped fluoroindate glasses
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This work reports on the optical properties of Cr31 ions in the pseudoternary system InF3-GdF3-GaF3.
Linear properties, investigated through absorption and emission spectra, provide information on the crystal
field, the frequency, and number of phonons emitted during the absorption to the4T2 band and the emission to
the 4A2 ground state, and the Fano antiresonance line shape in the vicinity of the4A2→2E transition. A study
of the nonlinear refractive index as a function of the wavelength, carried out with theZ-scan technique,
provides spectroscopic data about electronic transitions starting from the excited state.
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I. INTRODUCTION

Heavy-metal fluoride glasses have been extensively in
tigated due to their transparency in a wide spectral ran
going from the ultraviolet to the infrared, which makes the
suitable for the fabrication of optical fibers.1,2 Besides the
ease of preparation, high concentrations of rare-earth
transition-metal ions can be incorporated into the mat
These impurities present favorable spectroscopic prope
for laser action, as reported in Tm31-doped fluorozirconate
fibers.3 From the viewpoint of basic research, a considera
effort has been devoted to characterize the optical prope
of fluoride glasses doped with transition-metal ions. In p
ticular, absorption spectra of Cr31 have been investigated i
several fluoride glasses, with emphasis placed on the s
of 4A2→(2E,4T2 ,4T1) transitions.4–6 It was shown that the
overlap of the broad4T2 band and the sharp2E and 2T1
lines gives rise to Fano antiresonances and a new appr
for the assignment of the absorption bands in fluoride glas
was presented, with the determination of the crystal field
Racah parameters (Dq, B, and C).6 The values obtained
were shown to be consistent with respect to the Tana
Sugano diagram for ions in octahedral symmetry. On
other hand, in order to obtain good quality glasses one ha
avoid devitrification processes.7 Recently, several compos
tions of the pseudoternary system InF3-GdF3-GaF3 with
~20% ZnF2, 16% BaF2, 20% SrF2, and 2% NaF2) were
investigated and they were shown to be stable concer
devitrification.8 In the present work, Cr31 ions incorporated
to these fluoroindate glasses have their optical prope
characterized. The determination of linear properties w
carried out through the measurement of absorption and e
sion spectra, and the results obtained turned out to be sim
to those reported for BYZT and ZBLA glasses.6 However,
we extended that previous work by performing an analysis
the 4A2→4T2 transition line shape, which gives the numb
and frequency of phonons emitted during the absorption p
cess. The study of the Fano antiresonance in the vicinity
the 4A2→2E transition was also carried out, but the o
related to the4A2→2T1 transition could not be studied be
cause it is barely observed. The emission spectrum of
4T2→4A2 transition around 780 nm was measured and
560163-1829/97/56~5!/2483~5!/$10.00
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mean lifetime of the excited state was found to be 250ms.
The emission line shape is also analyzed and the results
compared to the absorption case.

The analysis of nonlinear optical properties showed t
chromium-doped glasses behave as Kerr media and the
pendence of the nonlinear refractive index on the wavelen
was investigated by means of theZ-scan technique.9 The
results obtained indicate that contrary to chromium-dop
oxide crystals, the charge-transfer band~CTB! located at the
ultraviolet ~UV! region does not contribute to the nonline
index, but the transitions in the visible~VIS! region do. This
result is in agreement with those of excited-state spect
copy and four-wave mixing in fluoride crystals.10 A simple
theoretical model was employed and spectroscopic data
electronic transitions starting from both the ground and
cited states were determined.

II. EXPERIMENTAL

The samples used in this study have the following co
position~in mol %!: 22 InF3, 2 GdF3, 18 GaF3, 20 ZnF2, 20
SrF2, 15.8 BaF2, 2 NaF2, and 0.2 CrF3. InF3, GdF3, and
CrF3 were obtained by fluoration of In2O3, Ga2O3, and
Cr2O3 with NH 4F and HF, in a platinum crucible held a
400 °C. All fluoride components were mixed and heated i
dry box under argon atmosphere at 700 °C for melting a
850 °C for fining.11 The melt was then cast into a mold pr
heated to 280 °C and slowly cooled down to room tempe
ture. The samples obtained have good optical quality and
nonhygroscopic. It was found that concentrations of Cr3
above 0.5% enhances the devitrification process. The c
centration that we used~0.2%! corresponds to an average
1.231019 Cr31/cm3, but optical measurements have show
that the distribution of ions is not uniform. Absorption spe
tra in the UV-VIS region were obtained with a BOMEM
DA8 Fourier transform spectrometer. Emission spectra w
measured with a grating monochromator after pumping
sample with 488 nm light from an argon-ion laser. The lif
time of the fluorescence was determined by using a stor
oscilloscope. All spectroscopic measurements were car
out at room temperature.

The optical nonlinearity was investigated by means of
2483 © 1997 The American Physical Society
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2484 56MENDONÇA, COSTA, MESSADDEQ, AND ZILIO
Z-scan technique introduced by Sheik-Bahae, Said, and
Stryland,9 which is a powerful method of determining th
nonlinear refractive indexn2 of a Kerr medium, a medium
where the refractive index depends on the light intensityI ,
according ton(I )5n01n2I . Basically, the method consist
of translating a sample through the focus of a Gaussian b
and monitoring the changes in the far-field intensity patte
The light field induces an2-dependent nonlinear phase a
due to the transverse intensity profile of the Gaussian be
the sample presents a lenslike effect. Therefore, it has
tendency of recollimating or defocusing the incident bea
depending on itsz position with respect to the focal plane
By monitoring the transmittance change through a small
erture placed at the far-field position, one is able to de
mine the induced nonlinear phase and hence the nonli
refractive index. For the present measurements we have
ployed a time-resolved signal detection, which is suitable
slow response absorbers.12 As light sources we have used
krypton ion laser~413 nm!, an argon-ion laser~476.5, 488,
and 514.5 nm!, a dye laser operating with rodhamine 59
~570–615 nm! or DCM ~620–670 nm! and a Ti:sapphire
laser~766 nm!.

III. RESULTS AND DISCUSSION

A. Absorption spectrum

Figure 1 shows the absorbance spectrum of a 1.2-m
thick sample of Cr31-doped fluoroindate glass in the VI
region. Similarly to BYZT and ZBLA glasses two broad
bands relative to the transitions4A2→4T2 and 4A2→4T1a
are observed around 660 and 440 nm.6 A third band due to
the transition4A2→4T1b appears below 350 nm, in additio
to three sharp lines due to the Gd31 absorption. Superpose
to the 4T2 band two dips are observed, corresponding
Fano antiresonances due to the mixing with the2E and
2T1 lines. By using the procedure described in Ref. 6
found our spectrum consistent with respect to the Tana
Sugano diagram for Cr31 ions in octahedral symmetry, with
crystal field and Racah parameter given byDq51547.7
cm21, B5735.07 cm21, andC53447.8 cm21, resulting in
Dq/B52.11. This value is essentially the same as BYZT a
ZBLA, meaning that there are no substantial differenc
among the crystal fields of these glasses.

FIG. 1. Absorbance spectrum„2 log10(I /I 0)… of a 1.2-mm-thick
sample of chromium-doped fluoroindate glass at room tempera
The transitions starting from the4A2 ground state are indicated.
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A line-shape analysis of the4T2 band gives the numbe
and frequency of the phonons emitted. Away from the sh
transition, the broadband can be fitted by the Pekar
form:13

a~v!5a0

e2SSp

G~p11!
, ~1!

wherep5(v2v0)/V anda0, S, v0, andV are adjustable
parameters.S is the mean number of phonons emitted in t
transition and\V their mean energy. The cutoff frequenc
v0 corresponds to the longest wavelength observed in
spectrum such that the center of the band occurs atv01V.
The line shape of the4A2→4T2 transition is fairly symmetri-
cal, as expected for measurements carried out at ro
temperature.13 The fitting provided by Eq.~1! gives the pho-
non mean frequency (V) as 0.1331015 rad/s, which corre-
sponds to a wavelength of 15mm. This is in agreement with
the infrared absorption spectrum that presents a strong
sorption for wavelengths longer than 10mm. As discussed
by Seeberet al.,14 V is associated with vibrations includin
the Cr31 impurity, whose energy is less than the cutoff e
ergy of the matrix glass as sensed by IR spectroscopy.
number of phonons emitted is of order 3 for the4A2→4T2
transition, which is smaller than the order 5 for ruby,15 prob-
ably due to the weaker crystals field.

The study of the of the Fano antiresonance around 660
~mixing of 4T2 and 2E) can be made according to the theo
presented in Ref. 13. The antiresonance has its origin on
interference occurring between the phononless sharp tra
tion with thet2

3 configuration and the broad transition to th
t2

2e configuration in which several phonons are emitte
When the absorptionaB(v) due to a broad vibronic band
changes slowly in the vicinity of the sharp line, the tot
absorption coefficienta(v) is given by

a~v!5aB~v!1a0~v!
~Q212jQ21!

~11j2!
, ~2!

wherea0(v) is proportional toaB(v), j5(v2v r)/g, with
\v r being the energy difference between the ground s
and the sharp excited state modified by the interaction w
the broad band, (1/2)g21 is the lifetime of the sharp stat
against decay to the vibronic band (2\g is the width of the
sharp transition!, and Q2g is a measure of the strength o
transitions to the modified sharp state, relative to the ba
Figure 2 shows the Fano antiresonance with the backgro
@given in Eq.~1!# already subtracted. The fitting to Eq.~1!
gives the modified 4A2→2E transition frequency as
v r52.8731015 rad/s, corresponding to a wavelength
657.4 nm. The value ofQ was found to be 0.08, which is
significantly smaller than the one obtained for the same tr
sition in MgF2:V 21,13 and the decay rate to the vibron
band (g50.02831015 rad/s! yields the lifetime of the sharp
state as 0.1 ps.

B. Emission spectrum

The emission spectrum at room temperature shown in
3 was obtained with a pumping wavelength of 488 nm.
line-shape analysis with the Pekarian form as carried out
the absorption coefficient of the4T2 band gives the phonon

re.
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56 2485OPTICAL PROPERTIES OF CHROMIUM-DOPED . . .
frequency (V) as 0.1131015 rad/s, corresponding to a wave
length of 18mm. The number of phonons emitted is of ord
2 for the 4T2→4A2 transition. These values are very close
those obtained for the absorption band. Owing to the g
disorder of the samples, the time evolution of the excit
state population at room temperature, measured by mon
ing the fluorescence decay with a storage oscilloscope, d
not exactly follow an exponential, as expected for a thr
level system like ruby, but an average of several expon
tials. This is due to random distribution of Cr31 ions at
nonequivalent positions inside the glass host, each one
ducing a slightly different time. Even though, an exponen
was adjusted to the experimental data and as result, a m
lifetime around 250mm was obtained.

IV. NONLINEAR REFRACTIVE INDEX

The normalized transmittance as a function of the sam
position in a typicalZ-scan measurement is shown in Fig.

FIG. 2. 4A2→2E transition of Cr31 in fluoroindate glass a
room temperature. The dashed line represents the theoretical fi
given by Eq.~2! after subtraction of the background absorption.

FIG. 3. Fluorescence of the Cr31-doped fluoroindate glass a
room temperature with a pumping wavelength of 488 nm. T
dashed line is the theoretical fitting provided by a Pekarian fo
with S52 andV50.1131015 rad/s.
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Since the peak occurs atz,0 we conclude that the nonlin
earity is negative.16 For the particular curve shown we use
l5608 nm, an aperture with a transmittanceT50.04 and an
intensity I 0558 kW/cm2 at the center (r 50) of the focal
spot (z50) of the Gaussian laser beam. The nonlinear
fractive index can be calculated from the transmittance
ference between the peak and the valley according to9,16

DTpv5~12T!0.25
2p

l
n2I 0L, ~3!

whereL is the sample thickness~1.2 mm in our experiment!.
By substituting the values used in the experiment we ob
n252631028 cm2/kW at 608 nm. The magnitude of th
nonlinear index depends on the electronic transitions
volved and also on the concentration of chromium ions. W
can get some useful information by normalizingun2u to the
absorption coefficient, which is also proportional to the co
centration. For 514.5 nm we obtainun2u/a51.631027

cm3/kW, which is about two orders of magnitude small
than the value obtained for a ruby sample with the ph
conjugation technique at that wavelength.17 This indicates
that the origin of the optical nonlinearity in chromium-dope
fluoroindate glass must be different from that of ruby.

In order to verify the origin of the nonlinear index w
have performedZ-scan measurements similar to those of F
4 for several wavelengths. The values obtained forun2u are
shown as solid circles in Fig. 5, together with the absorpt
coefficient~full line! at the spectral region investigated. Th
results indicate that the variation ofun2u on the wavelength
roughly resembles the absorption coefficient curve. Wh
this fact occurs, the main contribution to the nonlinear ind
may come from the strong UV transition of Cr31, known as
charge transfer band~CTB!, located typically around 200
nm. These transitions were extensively investigated in s
eral oxide hosts by excited-state spectroscopy and four-w
mixing.10 It is well established that in this casen2 is positive,
but in our measurements we obtained the opposite sign.
sides, results of excited-state spectroscopy of chromiu
doped fluoride crystals indicate the nonexistence of the C
in the UV region,10 but only of a weak 3d→4s transition
around 56 000 cm21 that could not explain our results be
cause it would also yield a positiven2. In this way we con-

ing

e

FIG. 4. Z scan of a 1.2-mm-thick sample at 608 nm,T50.04
and I 0558 kW/cm2.



in
on
y.
er
e
o

n
be
e
th
76
th

fe
e

n
ive

i
v

i-

fo

e

tes.
sec-

ex-
ated
s of
ata

of
the

are
e an

ting
ed
red

ble
er-
ea-

f the
nt,

ter-

is

lin-
ate
to

the
ine

the

th

2486 56MENDONÇA, COSTA, MESSADDEQ, AND ZILIO
clude that no transition in the UV has any important effect
the optical nonlinearity. As the next step, we have to c
sider the possibility of a thermal origin for the nonlinearit
The sign ofdn/dT measured with a Pulfrich refractomet
(dn/dT'21026/°C! is negative and this could explain th
sign ofn2, which for a thermal nonlinearity is proportional t
dn/dT times DT. However, the temperature increase,DT,
depends on the total energy absorbed, which is proportio
to a(v), times the energy mismatch between the absor
and emitted photons. Therefore, the effect should be
hanced for blue photons and inhibited at the red side of
spectrum, but according to Fig. 5, the points at 413 and
nm have a behavior markedly opposite to this. Moreover,
rise time of the aperture transmittance does not depend
the laser spot size, which is inconsistent with a thermal ef
(t th proportional tov0

2) and thus, the thermal origin for th
optical nonlinearity has to be ruled out.

The above analysis lead us to the conclusion that the o
possible explanation for the origin of the nonlinear refract
index has to be related to electronic transitions occurring
the VIS region. In order to confirm this assumption we ha
employed a model wheren2 is proportional to the suscept
bility difference between the ground and excited states.18 Ac-
cording to the model presented in Ref. 19, the value ofn2 as
a function of the light frequencyn is given as

n2~n!5
a~n!tc

8p2hn2S (
iÞ1

s l i
~0!D l i

11D l i
2 2(

iÞ0

s0i
~0!D0i

11D0i
2 D , ~4!

where t is the excited-state lifetime~250 ms!, s0i
(0) and

s1i
(0) are, respectively, the absorption cross sections

transitions starting from the ground state~0! and the first

FIG. 5. Dependence of the nonlinear refractive index on
wavelength~solid circles!, absorption coefficient~full line! and re-
sult of the theoretical fitting~dashed line!. See text for details.
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excited state~1!, which corresponds to the4T2 band, and
D0i andD1i are adimensional detunings defined as

D0i5
n i

22n2

g0in
, ~5a!

D1i5
~n i2n1!22n2

g1in
, ~5b!

wherehn i is the energy of thei th level, andg0i andg1i are
linewidths of transitions starting, respectively, from th
ground and excited states and ending at thei th level. The
two terms inside parenthesis in Eq.~4! are, respectively, re-
lated to the susceptibilities of the excited and ground sta
Except for the absolute values of the absorption cross
tions, all parameters related to the ground state can be
tracted from the absorption spectrum. The parameters rel
to the excited state and the cross-section absolute value
the ground state can be found by fitting the experimental d
to Eqs.~4! and~5!. The result is given by the dashed line
Fig. 5 and the spectroscopic parameters obtained through
fitting procedure are presented in Table I. Since there
several adjustable parameters, the values obtained hav
uncertainty of about 20%.

The cross-section absolute values for transitions star
from the ground state, obtained with the model describ
above, agrees with the absorption coefficient measu
@a(n)5Ns(n)#. For the 4A2→4T2 transition, for instance,
we have a'1 cm21, corresponding tos'0.8310219

cm2, which is about one half of the value presented in Ta
I. Therefore, the model predicts, within the experimental
ror, the same order of magnitude for the cross section m
sured by absorption spectroscopy and the discrepancy o
factor 2, which is not unusual in this sort of measureme
could be related to the nonuniformity of the Cr13 distribu-
tion. The electronic transitions presented in Table I are in
configurational, except for the4T2→4T1a transition, which
is intraconfigurational. Accordingly, its cross section
about two orders of magnitude smaller than the others.

V. CONCLUSIONS

In summary, we have investigated both linear and non
ear optical properties of the chromium-doped fluoroind
glass. The visible absorption spectrum is quite similar
other fluoride glasses doped with Cr31. Emphasis was
placed on the study of the parameters that characterize
broad 4T2 absorption and the Fano antiresonance l
shapes. By measuring the fluorescence we obtained

e

TABLE I. Spectroscopic parameters for the electronics transitions of Cr31 in fluoroindate glass.

4A2(t2
3)→ 4A2(t2

3)→ 4A2(t2
3)→ 4T2(t2

2e)→ 4T2(t2
2e)→

Transitions 4T2(t2
2e) 4T1a(t2

2e) 4T1b(t2e2) 4T1a(t2
2e) 4T1b(t2e2)

v (1014 Hz!, l ~nm! 4.7 ~639! 6.9 ~435! 1.1 ~275!
s (10219 cm2) 1.8 2.9 3.6 ,0.03 0.9
g (1014 Hz! 1.0 1.5 2.0 1.0 1.0
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excited-state lifetime, and the number and frequency
phonons emitted during the decay to the ground state.
analysis of the nonlinear refractive index as a function of
wavelength led us to the conclusion that its origin is rela
to electronic transitions in the VIS range. The fitting of t
experimental data to the theoretical model provided spec
scopic parameters for both the ground and excited state
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