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Optical properties of chromium-doped fluoroindate glasses
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This work reports on the optical properties of 3Crions in the pseudoternary system pBdF;-GaF;.
Linear properties, investigated through absorption and emission spectra, provide information on the crystal
field, the frequency, and number of phonons emitted during the absorption {1 timnd and the emission to
the *A, ground state, and the Fano antiresonance line shape in the vicinity 8AsheE transition. A study
of the nonlinear refractive index as a function of the wavelength, carried out witlZ-#hean technique,
provides spectroscopic data about electronic transitions starting from the excited state.
[S0163-182607)03129-9

[. INTRODUCTION mean lifetime of the excited state was found to be 250
The emission line shape is also analyzed and the results are
Heavy-metal fluoride glasses have been extensively invessompared to the absorption case.

tigated due to their transparency in a wide spectral range, The analysis of nonlinear optical properties showed that
going from the ultraviolet to the infrared, which makes themchromium-doped glasses behave as Kerr media and the de-
suitable for the fabrication of optical fibet$.Besides the pendence of the nonlinear refractive index on the wavelength
ease of preparation, high concentrations of rare-earth andas investigated by means of ttfescan techniqu@.The
transition-metal ions can be incorporated into the matrixresults obtained indicate that contrary to chromium-doped
These impurities present favorable spectroscopic propertiesxide crystals, the charge-transfer ba@IB) located at the
for laser action, as reported in Ti-doped fluorozirconate ultraviolet (UV) region does not contribute to the nonlinear
fibers® From the viewpoint of basic research, a considerabléndex, but the transitions in the visib(&1S) region do. This
effort has been devoted to characterize the optical propertigesult is in agreement with those of excited-state spectros-
of fluoride glasses doped with transition-metal ions. In parcopy and four-wave mixing in fluoride crystdf$A simple
ticular, absorption spectra of €f have been investigated in theoretical model was employed and spectroscopic data for
several fluoride glasses, with emphasis placed on the studsfectronic transitions starting from both the ground and ex-
of “A,—(%E,*T,,*T;) transitions’~® It was shown that the cited states were determined.
overlap of the broad*T, band and the sharpE and 2T,
lines gives. rise to Fano antiresonances anq a new approach Il EXPERIMENTAL
for the assignment of the absorption bands in fluoride glasses
was presented, with the determination of the crystal field and The samples used in this study have the following com-
Racah parametersD(g, B, and C).® The values obtained position(in mol %): 22 InF3, 2 GdF;, 18 Gak;, 20 ZnF,, 20
were shown to be consistent with respect to the TanabesSrF,, 15.8 Bak, 2 NaF,, and 0.2 Crk. InF3, GdF;, and
Sugano diagram for ions in octahedral symmetry. On theCrF; were obtained by fluoration of D5, Ga,O5, and
other hand, in order to obtain good quality glasses one has 1©r,05; with NH4F and HF, in a platinum crucible held at
avoid devitrification processésRecently, several composi- 400 °C. All fluoride components were mixed and heated in a
tions of the pseudoternary system l6dF;-GaF; with dry box under argon atmosphere at 700 °C for melting and
(20% ZnF,, 16% Bak, 20% SrF, and 2% Nak) were 850 °C for fining'! The melt was then cast into a mold pre-
investigated and they were shown to be stable concerningeated to 280 °C and slowly cooled down to room tempera-
devitrification® In the present work, G ions incorporated ture. The samples obtained have good optical quality and are
to these fluoroindate glasses have their optical propertiesonhygroscopic. It was found that concentrations of LrF
characterized. The determination of linear properties wasbove 0.5% enhances the devitrification process. The con-
carried out through the measurement of absorption and emigentration that we use.2%) corresponds to an average of
sion spectra, and the results obtained turned out to be similar.2x 10'° Cr3*/cm?, but optical measurements have shown
to those reported for BYZT and ZBLA glasse#iowever, that the distribution of ions is not uniform. Absorption spec-
we extended that previous work by performing an analysis ofra in the UV-VIS region were obtained with a BOMEM
the “A,—“T, transition line shape, which gives the number DA8 Fourier transform spectrometer. Emission spectra were
and frequency of phonons emitted during the absorption promeasured with a grating monochromator after pumping the
cess. The study of the Fano antiresonance in the vicinity osample with 488 nm light from an argon-ion laser. The life-
the “A,—2E transition was also carried out, but the onetime of the fluorescence was determined by using a storage
related to the*A,— 2T, transition could not be studied be- oscilloscope. All spectroscopic measurements were carried
cause it is barely observed. The emission spectrum of theut at room temperature.
4T,—*A, transition around 780 nm was measured and the The optical nonlinearity was investigated by means of the
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A line-shape analysis of théT, band gives the number

0.06 and frequency of the phonons emitted. Away from the sharp
transition, the broadband can be fitted by the Pekarian
2 004 form:3
g o
g e SsP
Q j—
§ 0.02 a(a)) aOI‘(p_,’_ 1) ’ (1)
0.00 wherep=(w—wg)/Q and aq, S, wg, and) are adjustable
) : . . . . parametersS is the mean number of phonons emitted in the
300 400 500 600 700 800 900 transition andi () their mean energy. The cutoff frequency
wavelength (nm) wq corresponds to the longest wavelength observed in the

spectrum such that the center of the band occuisgat ().

FIG. 1. Absorbance spectruta-log;o(1/15)) of a L.2-mm-thick  The line shape of théA,—*T, transition is fairly symmetri-
sample of chromium-doped fluoroindate glass at room temperatur€al, as expected for measurements carried out at room
The transitions starting from th&A, ground state are indicated.  temperature? The fitting provided by Eq(1) gives the pho-

non mean frequency(f) as 0.1 10" rad/s, which corre-
sﬁponds to a wavelength of bm. This is in agreement with
e infrared absorption spectrum that presents a strong ab-
sorption for wavelengths longer than 1m. As discussed

by Seebeet al,* ) is associated with vibrations including
the CrP* impurity, whose energy is less than the cutoff en-
eray of the matrix glass as sensed by IR spectroscopy. The
number of phonons emitted is of order 3 for tha,—*T,

Z-scan technique introduced by Sheik-Bahae, Said, and V
Stryland® which is a powerful method of determining the
nonlinear refractive index, of a Kerr medium, a medium

where the refractive index depends on the light intenkijty

according ton(l)=ngy+n,l. Basically, the method consists
of translating a sample through the focus of a Gaussian beal
and monitoring the changes in the far-field intensity pattern " o
The light field induces an,-dependent nonlinear phase anoltransmon, which is smaller than the order 5 for ruiByrob-

: : . . bly due to the weaker crystals field.
due to the transverse intensity profile of the Gaussian bean?, .
the sample presents a lenslike effect. Therefore, it has th The study of the of the Fano antiresonance around 660 nm

. . 4 2 .
tendency of recollimating or defocusing the incident beam meng of T, and °E) can be made according to the theory

depending on itz position with respect to the focal plane. presented in Ref. 13. The antiresonance has its origin on the

By monioring the ransmitance change through a smail apg SR °5CRTER REOmar e O EER SR RS
erture placed at the far-field position, one is able to deter; 5 het,” conhigurat .
e configuration in which several phonons are emitted.

mine the induced nonlinear phase and hence the nonline&@h he ab . d broad vibronic band
refractive index. For the present measurements we have em- en the a sorpuomB(a.)). ue to a broa vibronic ban
ployed a time-resolved signal detection, which is suitable foS"'an9es slowly in the vicinity of the sharp line, the total
slow response absorbéfsAs light sources we have used a absorption coefficient(w) is given by

krypton ion lasen413 nm, an argon-ion lasef476.5, 488,

2 _
and 514.5 nny a dye laser operating with rodhamine 590 a(w):aB(w)Jrao(w)(Qﬂg_l), 2
(570-615 nm or DCM (620-670 nm and a Ti:sapphire (1+89)

laser(766 nm). whereay(w) is proportional toag(w), é=(w— w,)/y, with

hw, being the energy difference between the ground state
and the sharp excited state modified by the interaction with
Iil. RESULTS AND DISCUSSION the broad band, (1/3) ! is the lifetime of the sharp state
A. Absorption spectrum against decay to the vibronic band#(2 is the width of the
sharp transitioy) and Q?y is a measure of the strength of
Mtansitions to the modified sharp state, relative to the band.
Figure 2 shows the Fano antiresonance with the background
[given in Eq.(1)] already subtracted. The fitting to E€{.)

Figure 1 shows the absorbance spectrum of a 1.2-m
thick sample of C#*-doped fluoroindate glass in the VIS
region. Similarly to BYZT and ZBLA glasses two broad-
bands relative to the transitiorfA,— 4T, and *A,—*T, - ! 2 "

; gives the modified *A,—“E transition frequency as
s;]re obse_r\_/edA'i\roqu 660 and 44k1)0|‘?1m.;hs|(r)d band dlégt_o w,=2.87<10" rad/s, corresponding to a wavelength of
the transition"A,—"T,, appears below nm, In addition g7 4 nm The value of) was found to be 0.08, which is

to three sharp lines due to the &dabsorption. Superposed significantly smaller than the one obtained for the same tran-

4 . .
to the T? band two dips are obser_v(_ad, cqrrespondmg Ogition in MgF,:V2* 13 and the decay rate to the vibronic
Fano antiresonances due to the mixing with tfe and

band (y=0.028x 10'° rad/9 yields the lifetime of the shar
2T, lines. By using the procedure described in Ref. 6 we o 9 yields et sharp

. . state as 0.1 ps.
found our spectrum consistent with respect to the Tanabe-
Sugano diagram for G ions in octahedral symmetry, with
crystal field and Racah parameter given by=1547.7
cm~1, B=735.07 cm !, andC=3447.8 cm %, resulting in The emission spectrum at room temperature shown in Fig.
Dg/B=2.11. This value is essentially the same as BYZT and3 was obtained with a pumping wavelength of 488 nm. A
ZBLA, meaning that there are no substantial differencedine-shape analysis with the Pekarian form as carried out for

among the crystal fields of these glasses. the absorption coefficient of th&T, band gives the phonon

B. Emission spectrum
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FIG. 4. Z scan of a 1.2-mm-thick sample at 608 nin=0.04
FIG. 2. *A,—2E transition of CF* in fluoroindate glass at andlo=58 kW/cn?.
room temperature. The dashed line represents the theoretical fitting

given by Eq.(2) after subtraction of the background absorption. ~Since the peak occurs ak0 we conclude that the nonlin-
earity is negativé® For the particular curve shown we used

frequency (1) as 0.11x 10 rad/s, corresponding to a wave- A =608 nm, an aperture with a transmittarice 0.04 and an
length of 18um. The number of phonons emitted is of order intensity | ;=58 kW/cn? at the center {=0) of the focal

2 for the 4T,— %A, transition. These values are very close tospot =0) of the Gaussian laser beam. The nonlinear re-
those obtained for the absorption band. Owing to the glasBactive index can be calculated from the transmittance dif-
disorder of the samples, the time evolution of the excitedference between the peak and the valley accordift®to
state population at room temperature, measured by monitor-
ing the fluorescence decay with a storage oscilloscope, does
not exactly follow an exponential, as expected for a three-

level system like ruby, but an average of several exponen- . . . .
tials. This is due to random distribution of & ions at wherel is the sample thickne¢s.2 mm in our experiment

nonequivalent positions inside the glass host, each one pr&y substituting the values used in the experiment we obtain

— —8 2 .
ducing a slightly different time. Even though, an exponentialn2_ 6x10°" cm*/kW at 608 nm. The magnitude of the

was adjusted to the experimental data and as result, a megﬁpllréearoindlex deﬁ(]ends on E[het_ elecftrorr]nc trans!t|onsvl\;1-
lifetime around 25Qum was obtained. volved and also on the concentration of chromium ions. We

can get some useful information by normalizifrg| to the
absorption coefficient, which is also proportional to the con-
centration. For 514.5 nm we obtaifn,|/a=1.6x10""

The normalized transmittance as a function of the samplém>/kW, which is about two orders of magnitude smaller

position in a typicalZ-scan measurement is shown in Fig. 4.than the value obtained for a ruby sample with the phase
conjugation technique at that wavelengthThis indicates

that the origin of the optical nonlinearity in chromium-doped
fluoroindate glass must be different from that of ruby.

2w
ATp, = (1=T)*#—=nalol, ®3)

IV. NONLINEAR REFRACTIVE INDEX

o (10" rad/s)

3432 3 28 26 24 22 2
LB T T In order to verify the origin of the nonlinear index we
3or have performed@-scan measurements similar to those of Fig.
25 i 4 for several wavelengths. The values obtained|fgt are
- shown as solid circles in Fig. 5, together with the absorption
= 20l coefficient(full line) at the spectral region investigated. The
; 3 results indicate that the variation pi,| on the wavelength
5 1.5F roughly resembles the absorption coefficient curve. When
> I this fact occurs, the main contribution to the nonlinear index
g 1.0F may come from the strong UV transition of €r, known as
2 05'_ charge transfer bandCTB), located typically around 200
- nm. These transitions were extensively investigated in sev-
00k eral oxide hosts by excited-state spectroscopy and four-wave
— mixing.1° It is well established that in this case is positive,

T
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wavelength (nm)
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but in our measurements we obtained the opposite sign. Be-
sides, results of excited-state spectroscopy of chromium-

FIG. 3. Fluorescence of the e:'r-doped fluoroindate g|ass at dOped f|u0l’ide CrySta|S indicate the nonexistence Of the CTB

room temperature with a pumping wavelength of 488 nm. Thein the UV region'® but only of a weak 8—4s transition
dashed line is the theoretical fitting provided by a Pekarian formaround 56 000 cm* that could not explain our results be-

with S=2 andQ=0.11x 10 rad/s.

cause it would also yield a positive,. In this way we con-
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excited state(1), which corresponds to théT, band, and
0.06 | 1 Ao andA;; are adimensional detunings defined as
412
410 2 22
@ 14 14
O 0.04 1 = Ap= ! (59
S 18 wg o yoiv
2 1° ¢
8 o002} Js =
< 4 % (vi—v1)2—12
{2 = A=, (5b)
YiiV
0.00 40
300 400 500 600 700 800 wherehv; is the energy of théth level, andy, andy;; are
wavelength (nm) linewidths of transitions starting, respectively, from the

ground and excited states and ending atitelevel. The

FIG. 5. Dependence of the nonlinear refractive index on thefWO terms inside parenthesis in Eg) are, respectively, re-
wavelength(solid circleg, absorption coefficientfull line) and re-  lated to the susceptibilities of the excited and ground states.
sult of the theoretical fittingdashed ling See text for details. Except for the absolute values of the absorption cross sec-
tions, all parameters related to the ground state can be ex-

clude that no transition in the UV has any important effect intracted from the absorption spectrum. The parameters related

the optical nonlinearity. As the next step, we have to conlo the excited state and the cross-section absolute values of

sider the possibility of a thermal origin for the nonlinearity. the ground state can be found by fitting the experimental data
The sign ofdn/dT measured with a Pulfrich refractometer © EQs-(4) and(5). The result is given by the dashed line of
(dn/dT~—10"%/°C) is negative and this could explain the E|g. 5 and the spectroscopic parameters obtalned through the
sign ofn,, which for a thermal nonlinearity is proportional to fitting proc_edure are presented in Table I. Since there are
dn/dT times AT. However, the temperature increaseT, several adjustable parameters, the values obtained have an

depends on the total energy absorbed, which is proportionancertainty of about 20%. L .
to a(w), times the energy mismatch between the absorbe The cross-section absolut_e value_s for transitions starting
and emitted photons. Therefore, the effect should be el_Erom the ground state, obtained W'th the quel described
hanced for blue photons and inhibited at the red side of th bove, agrees with thf abs40rpt|on ppefﬁmeqt measured
spectrum, but according to Fig. 5, the points at 413 and 766%(») =No(¥)]. Foritlhe Ay—"T, transition, for |nstapl(z)e,
nm have a behavior markedly opposite to this. Moreover, th&'¢, have a~1 cm"", corresponding too~0.8x10

rise time of the aperture transmittance does not depend o™ » Which is about one half of the value presented in Table

the laser spot size, which is inconsistent with a thermal effeck Therefore, the model predicts, within the experimental er-
(1, proportional towy2) and thus, the thermal origin for the ror, the same order of magnitude for the cross section mea-
optical nonlinearity has to be ruled out. sured by ab;orpuon spectroscopy a.nd the discrepancy of the

The above analysis lead us to the conclusion that the onf{Actor 2, which is not unusual in this sort of measurement,
possible explanation for the origin of the nonlinear refractivetuld be related to the nonuniformity of the Ci distribu-
index has to be related to electronic transitions occurring ifion. The electronic transitions presented in Table | are inter-
the VIS region. In order to confirm this assumption we hav

cconfigurational, except for théT,—*T,, transition, which
employed a model whene, is proportional to the suscepti-

is intraconfigurational. Accordingly, its cross section is
bility difference between the ground and excited st&tesc- about two orders of magnitude smaller than the others.
cording to the model presented in Ref. 19, the valua.ohs

a function of the light frequency is given as V. CONCLUSIONS

(O A (OA In summary, we have investigated both linear and nonlin-

o A A . . . :

Ny(v) = a(Z)TZ/E d - oi %1, (4 ear optical properties of the chromium-doped fluoroindate
8mhv \i#l 1+A° iFo 1+Ay glass. The visible absorption spectrum is quite similar to

other fluoride glasses doped with €r Emphasis was
where 7 is the excited-state lifetimé250 us), 04;(®) and  placed on the study of the parameters that characterize the
19 are, respectively, the absorption cross sections fobroad 4T, absorption and the Fano antiresonance line
transitions starting from the ground stai@® and the first shapes. By measuring the fluorescence we obtained the

TABLE |. Spectroscopic parameters for the electronics transitions &f @r fluoroindate glass.

A (1% — A (1% — A (%) — Tyt %) — Ty(t,%e) —

Transitions 4T,(t,%) 4T,1a(15%) 4T (1267 4T.a(t%) T1p(1,67)
o (10 Hz), x (nm) 4.7 (639 6.9 (435 1.1(275
o (107 cm?) 1.8 2.9 3.6 <0.03 0.9

v (10 Hz) 1.0 1.5 2.0 1.0 1.0
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