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Spectroscopic characterization of Er**-doped Tl;PbBr; for midinfrared laser applications
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This paper presents the optical and spectroscopic properties of a low-phonon-energy, moisture-resistant, and
nonlinear Er**: T1;PbBrs single crystal. Though only weakly doped with Er’* ions, centimeter-sized and good
quality single crystals could be grown and analyzed. Excitation and emission spectra recorded at low tempera-
ture and crystal-field calculations agree with the existence of only one dominant Er** substitutional site.
Anti-Stokes emission and excitation spectra as well as fluorescence decays and time-resolved emission and

excited-state excitation spectra were recorded and analyzed to determine the different ways of populating the
Er’* excited levels and to provide all the necessary elements for an estimate of the laser potential of the
considered material under diode laser pumping around 800 nm.

DOI: 10.1103/PhysRevB.77.075122

I. INTRODUCTION

New crystalline hosts with low phonon frequencies, such
as nonhygroscopic bromides and chlorides doped with triva-
lent rare-earth ions, are currently studied for their visible as
well as midinfrared laser emissions.!~” In a recent work, we
reported the crystal growth and the crystallographic and op-
tical properties of pure, nonhygroscopic, and nonlinear
T1;PbBrs (TPB) crystals.® The crystals exhibit the P2,2,2,
space group, and the point symmetry of each of their non-
equivalent TI* and Pb?* crystallographic sites is C;. At room
temperature, the structure displays two kinds of coordinance
for the heavy metal cations: an eightfold one (with an aver-
age metal-bromide distance of 3.44 A) and a sevenfold one
(with average TI-Br and Pb-Br distances of 3.36 and 3.14 A,
respectively), corresponding to three-dimensionally con-
nected Archimedean antiprisms and pentagonal bipyramids.’

We also established that they are transparent from about
0.4 to more than 24 pm, and have a maximum Raman-active
phonon mode frequency of about 138 cm™!. Differential
scanning calorimetry (DSC) measurements revealed that this
compound undergoes a phase transition upon cooling, which,
however, does not impede the growth of centimeter-sized
single crystals. Then, by using a nanosecond pulsed laser at
1.38 um, we also proved that powders obtained by crushing
the crystals presented nonlinear properties with an effective
nonlinear coefficient d g similar to that of KH,PO, (KDP).

In this paper, we present results about the spectroscopic
properties of Er**-doped TI;PbBrs single crystals. Doping
with Er’* ions is demonstrated, and very interesting broad
and intense emission bands are shown in a wide spectral
domain from the blue to the middle infrared. A series of
spectroscopic measurements—Ilow temperature excitation
and emission spectra, room temperature fluorescence spectra
and fluorescence decay times, up-conversion fluorescences—
have been performed. These measurements allowed us to
derive the energy level structure of the Er** ion electronic
multiplets. These levels indicate the existence of only one
major kind of Er’* substitutional site, in good agreement
with the crystal-field calculations. The various interstate ex-
citation and emission spectra in the visible as well as in the

1098-0121/2008/77(7)/075122(11)

075122-1

PACS number(s): 78.20.Bh, 78.40.Ha, 78.55.Hx, 71.70.Ch

infrared regions along with the fluorescence lifetime mea-
surements were first used to calibrate the spectra in cross
section unit, then to characterize the feeding and relaxation
mechanisms of the various emitting levels following a par-
ticular type of excitation. Finally, the results have been ana-
lyzed to derive the best excitation conditions, for example,
by using one and two pump photons around the diode laser
wavelength of 800 nm, to possibly reach laser operation at
various wavelengths, emphasizing those occurring in the
midinfrared around 2.8 and 4.5 wm.

II. CRYSTAL GROWTH AND PHYSICAL PROPERTIES

Pure TI;PbBrs single crystals were first grown according
to the standard Bridgman-Stockbarger process described in
Ref. 8. The samples were ground to a powder and mechani-
cally mixed with anhydrous and dry ErBr; powder in an
agate mortar handled under a 3%-wet nitrogen-filled glove-
box. The resulting admixture, poured into a quartz ampoule,
was subsequently dried at 90 °C under 10~® atm vacuum for
24 h, and thermally treated in stages of ~24 h at 220 and
280 °C under HBr gas atmosphere of 5N purity. The quartz
crucible was finally sealed under Ar atmosphere (0.3 atm, 6N
purity) and translated vertically at a speed of | mmh~' in a
two zone Bridgman-Stockbarger furnace with a 22 °C cm™!
thermal gradient. The initial powder mixture was doped with
ErBr; at a nominal concentration of ~1 mol %. The real
Er** content in the 70 mm long and 3.7 mm diameter single
crystals was determined by inductively coupled plasma and
Auger electron spectroscopy elemental analyses. The ion
density in the terminal part of the single crystal was evalu-
ated to be 2.4 X 10'® jons cm™.

Specific heat measurements were carried out between 265
and 425 K by means of DSC according to a procedure de-
scribed in Ref. 10. In this temperature range, the C,, function
(in units of J K~ mol™') is well represented by a fourth order
polynomial, namely,

C,(T) =1571.78 = 20.032T + 0.10497"
—2.2335 X 107473+ 1.71 X 10777,

with a total relative error of ~12.5%. The knowledge of the
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specific heat C,, function is useful not only for discussing the
nature of the thermal phenomena occurring between room
temperature and the melting point, but also for modeling the
growth process (C, enters the thermal inertia term in the heat
balance equation as well as the melt interface boundary con-
dition that accounts for the latent heat release) and the laser
operation thermal management. We also carried out several
hardness measurements by nanoindentation and comparison
with a silica standard. The estimates obtained along and per-
pendicular to the growth direction all range between 6.7 and
7.3 GPa, which is less than the shear moduli of KPb,Cls
single crystals [~11-14 GPa (Ref. 11)]. These values corre-
spond to a hardness of about 2 Mohs, which is typical for
chloride and bromide crystals. Consequently, the elastic
strain energy that remains stored in the crystal upon substi-
tuting Er** cations for TI* or Pb** ones may not account,
alone, for the low Er** content achieved in these experi-
ments. The refractive index of pure Tl3PbBrs was finally
evaluated by using two methods. The first one, based on the
linearity and the additive law of the refractive index, enabled
the determination of an average refractive index of Tl;PbBr;
from the well-known refractive indices of PbBr, and TIBr.!?
The calculated value at 650 nm is ~2.3. This average refrac-
tive index is close to the value of 2.23 +0.10, which is ob-
tained at 632.8 nm (He-Ne laser) with a nonoriented crystal
and by using the Brewster method. For calculations (see next
parts), we decided to use the highest refractive index value to
avoid overestimation of cross sections.

III. ROOM TEMPERATURE INFRARED EMISSION
SPECTRA AND FLUORESCENCE DECAY
TIME MEASUREMENTS

A. Experimental conditions

Continuous-wave emission spectra were registered at
room temperature by exciting the sample with a tunable and
continuous-wave (cw) Ti:sapphire laser (Coherent model
890). The emitting light was collected in an Oriel monochro-
mator equipped with a 1200 grooves/mm grating blazed at
750 nm or a Jobin-Yvon HRS2 monochromator equipped
with a 300 grooves/mm grating blazed at 2 um for near-
and midinfrared spectra, respectively. The signals were then
detected either with a R928 Hamamatsu photomultiplier or
an InSb (Judson model J10D) photodiode, and processed
with a Stanford SR830 lock-in amplifier. All the spectra were
obtained by using an appropriate filter and were corrected for
the spectral response of the apparatus by using a blackbody
reference source.

Fluorescence decays were obtained by exciting the
sample with the 10 ns laser pulses from a wide-band optical
parametric oscillator (GWU OPO model C-355) pumped by
the third harmonic of a Q-switched Nd:YAG (yttrium alumi-
num garnet) laser (Spectron model 404G). The signals were
then collected and dispersed into the above mentioned Oriel
monochromator, equipped with different gratings, according
to the considered emission wavelengths. They were detected
with the same detectors as above and processed with a
computer-interfaced Tektronix (TDS-350 model) oscillo-
scope.
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TABLE 1. Comparison between the experimental lifetimes of
erbium doped bromide and chloride crystals.

Texp (s)

Er’* multiplet Er’*:TI3PbBrs Er’*:KPb,Brs* Er**:KPb,Cls"

y o 3800 4600 6200
y 3100 2100 3230
o 1800 1200 or 1900 2620
‘F 92 216 100 400
(453/2 , 2Hl 1) 180 180 270
‘F 72 70 85 10

(4F5/2,4F3,2) 110 ? 130
*Hoyy 2.9 34 120

4Reference 2.
PReferences 13 and 14.

B. Experimental results

We determined first the lifetimes of most of the Er’* ex-
cited multiplets. All the measured fluorescence decays were
found exponential with the time constants reported in Table
I. Time constants from another bromide® and a chloride'>!*
are also presented in this table for comparison. In the two
bromide crystals, the Er?* lifetimes have about the same val-
ues. This observation is not surprising since it is expected
from their crystal structures that the rare-earth active ions
take up the same kind of low symmetry site. However, a
large discrepancy is observed for the 2H9/2 multiplet since its
lifetime in Er:TPB is 10 times shorter than in Er:KPB. A
possible explanation is that a relaxation path takes place, in
the case of Er:TPB, from this multiplet to some charge trans-
fer band involving the TI* ions. In spite of lower phonon
energies, thus, in principle, of reduced multiphonon relax-
ations, the lifetimes found in Er:TPB are shorter, except for
the *F,,, multiplet, than the lifetimes found in Er:KPC.!>!4
This probably arises from an increase of the 4f-4f transition
probabilities due to the decreasing energy and the increasing
admixture of the wave functions with the lowest energy
41954 band along the CI-Br-I halide series.'> On the other
hand, for the *F,,, multiplet which is closer to the next en-
ergy level lying below it than the other multiplets, the longer
lifetime found in the case of the bromide compared to the
chloride is simply due to a lower multiphonon relaxation.

The room temperature emission cross-section spectra of
Er:TPB are shown in Fig. 1. Emission spectra were trans-
formed in cross-section spectra by using the well-known
Fuchtbauer-Ladenburg method.'®!” This method originating
from the relation between the Einstein coefficients allows a
direct determination of emission cross sections from fluores-
cence spectra by using the formula:

NBIN)

osg(\) = (1)

8mcn’ 1,4y f M(\)d\

In this expression, I(\) is the emission intensity, B is the
branching ratio of the considered intermultiplet transition,
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FIG. 1. Room temperature emission cross section of the two
midinfrared luminescences of Er’*:TI;PbBrs.

Traq 18 the radiative lifetime for each specific emitting level, ¢
is the speed of light, and n the index of refraction. Whenever
it made sense, 7,4 was replaced by 7 the experimentally
measured fluorescence lifetime of the considered emitting
level, as reported in Table I. Indeed, our sample incorporated
not enough Er** ions to register as many absorption bands as
would be necessary to perform a significant and reliable
Judd-Ofelt analysis. This approximation is only valid and
was only used for emitting levels lying sufficiently above a
next low-lying one to assume negligible nonradiative mul-
tiphonon relaxation. Then, emission cross-section spectra
could be transformed into absorption cross-section spectra by
using the reciprocity relation, as given by!®

hc

SIC

where ky and & stand for the Boltzman and the Planck con-
stants, respectively; Z, and Z; for the partition functions for
the high- and low-lying energy multiplets; and E,; represents
what is called the zero-line (ZL) energy, i.e., the energy sepa-

Z 1
bs(N) = N—L e - —(E -
Taps(N) USE( ) Ziw XP{ kg T ZL
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FIG. 2. Room temperature absorption spectra of Er**: Tl;PbBrs
determined by using both Fuchtbauer-Ladenburg and reciprocity
relations.

ration between the lowest Stark components of each multi-
plet. The partition functions and ZL energies of the consid-
ered transitions can be easily derived by using the energy
level positions reported in Table II (see next part).

Figure 1 gathers the emission cross-section spectra asso-
ciated with the two midinfrared *I,,,—*I;, and Iy,
| 11/ emission transitions located around 2750 and
4500 nm, respectively, as obtained after 800 nm excitation.
Such large emission cross sections have the same order of
magnitude as in the now well-known Er:KPC laser crystal,'?
which indicates that Er:TPB could also be a good candidate
for midinfrared laser operation. Furthermore, absorption
bands (see Fig. 2) are broad and well adapted to diode laser
pumping.

IV. LOW TEMPERATURE SPECTRAL DATA AND
CRYSTAL-FIELD CALCULATIONS

A. Experimental conditions

The Er**:TI;PbBrs sample (3 mm long, 4 mm diameter)
was clamped onto the copper cold finger of a closed circuit

TABLE II. Comparison of observed and calculated low-lying Stark sublevel energies of Er**:TI;PbBrs and calculated positions of
upper-lying ones (column 4: partition functions of respective multiplets).

Er’* Partition function
multiplet Experimental results Crystal field calculation Z;
4115/2 0, 24, 36, 54, 91, 145, 162, 218, 0, 23, 42, 56, 93, 144, 162, 210 5.434
4113/2 6510, 6533, 6538, 6571, 6600, 6618, 6656 6512, 6529, 6538, 6568, 6603, 6617, 6658 5313
4111/2 10157, 10178, 10194, 10202, 10208, 10236 10163, 10170, 10185, 10201, 10215, 10241 5.153
4[9/2 12372, 12417, 12436, 12458, 12472 12365, 12416, 12430 12461, 12482 3.714
4F9/2 15200, 15209, 15242 15265, 15311 4.093
453,2 18262, 18303 1.817
2H11/2 18995, 19018, 19025, 19053, 19069, 19076 4.896
4F7/2 20288, 20320, 20347, 20365 3.301
‘F 5 22007, 22030, 22041 2.744
*Fy 22381, 22434 1.775
2H9/2 24373, 24416, 24433, 24460, 24474 3.835
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FIG. 3. (Color online) Low temperature emission or excitation spectra of Er3*: T13PbBr53+ used for the determination of energy levels.

ADP helium cryostat and its temperature could be lowered
and regulated down to 10 K. Continuous-wave emission and
excitation spectra were registered at low temperature by ex-
citing the sample with the same tunable and continuous-
wave Ti:sapphire laser as mentioned above.

B. EXPERIMENTAL RESULTS

For rare-earth ions with an odd number of electrons, a low
symmetry crystal field splits the free-ion energy levels with a
total angular momentum J into [(J+1)/2] Stark sublevels.'®
Since at low temperature the transition lines are sharp
enough to distinguish between each inter-Stark sublevel tran-
sition, it is possible to determine the number of contributing
Er** sites by counting the number of lines. For instance, for
one kind of low symmetry substitutional site, five lines are
expected in the excitation spectrum of level *I,,, which is,
indeed, observed and displayed in Fig. 3. This kind of mea-
surements was performed for the four first excited multiplets
and enabled the determination of their energy sublevels, as
reported in Table II. If it looks clear that only one kind of
Er’* sites contributes to the spectra, several types of lattice
defects can be involved. Indeed, the substitution of Er** ions
for heavy metal cations can lead to the formation of either

(1) Erfj+ V. (2) Ery+2Vy,, (3) Er+2Br/, (4) Ery,+2Pbyp,,
(5) 2Erp,+Vpy, (6) Erp,+ Vi, (7) Erpy+Br, or (8) Erp,
+Pbp, Erp, +Pby, point defects to ensure electroneutrality of
the crystal lattice (Kroger-Vink’s notation has been used).
Defects (3) and (7) require large enough interstitial voids in
the crystal structure to accommodate bromide anions as well
as a brominating atmosphere. Owing to the density of the
crystal packing, the former condition is not easily verified.
The Ellingham diagram clearly shows that charge compen-
sation defects (4) and (8) are not thermodynamically favored
under HBr gas atmosphere.® As the differences between the
seven- and eightfold ionic radii and dipolar polarizabilities
between the Er’* and Pb’** cations are smaller than those
between the Er** and TI* cations, we would think a priori
that Er** ions preferentially occupy Pb** sites. However, as
the difference in Pauling electronegativity between Er’* and
Pb%* cations is higher than that between the Er’** and TI*
cations, and all the cationic crystallographic sites exhibit
seven (eight)fold coordination polyhedra, defects (1) and (2)
should not be entirely discarded at this time. Defect (5) cor-
responds to the nominal formula Tl;Pb,_s,,ErBrs, defects
(1) and (6) to the composition Tl;_,Pb,_Er Brs, and defect
(2) to the composition Tl;_;, PbEr Brs.
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C. Crystal-field calculations

In this analysis, we used the energy levels of 11 multiplets
2L, of the 4f!" (Er**) electronic conﬁguration They in-
clude the 26 crystal-field levels of the *1 s, *I 137 1, 52’ and
19/2 mult1plets and the 7 centroids of the "Fyy, "S55, “H ),
4Fm, *Fs)5, *F35, and *Hy,, multiplets, as determined in the
previous section. These experimental level energies were
used as the input data in a parametrized Hamiltonian. The
free-ion parameters chosen for our calculations were ob-
tained from Carnall ez al.'® For Er’*, in aqueous solution the
parameters (all in cm™!) are

EW=6769.9, E?®=32388, E®=646.62,

£=2380.7, «a=18.347, B=-509.28, y=649.71.

The crystal-field potential at the Er’* ion sites was as-
sumed to be of C, symmetry, and the Hamiltonian expressed
as

Hep= 2 BLY CA(i), 3)
k.q i

where the B’;’s are the crystal-field parameters and CZ is a
spherical tensor of rank k and order g. The second sum is
over i=1-N, where N is the number of electrons (4f'!).

In order to initiate the calculations, we used the set of
crystal-field parameters given by Cascales et al.?’ in the case
of Eu**-doped KPb,Cls in Cs/C, site symmetry. The Er**
parameters were deduced from the Eu** ones by using the
relations

Pk(Er3+)

Bk Er3+ -
oEr) pr(Eu’)

B} (Eu™), (4)

the radial factors being given by Morrison and Leavitt.”! The
set of BI; parameters was then varied with a least-squares
procedure based on the 26 energy levels of the above men-
tioned multiplets. The B which gave the best fit to the ex-
perimental energy levels with a rms value of 7.2 cm™, are

Bj=302.6, B5=70.1, Bj=299.9,
Re B3=550.9, ImB;=-160.2,
Re B;=368.5, ImB;=112.6, B5=-53.5,
Re BS=104.1, ImBS=-17.9,
ReB$=27.3, ImB$=-89.7, ReB=-267,
Im BS=-46.1.

The calculated and experimental energy levels are reported
in Table II.

As pointed out recently by Rudowicz and Quin,?* it is
very difficult to compare the crystal-field parameters from
different studies for low symmetry sites. Nevertheless, it is
possible to use, for comparison, the crystal-field strength N,
as first introduced by Auzel and Malta:>
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4
2k 1)' ®)

The crystal-field strength of our bromide is found equal to
about 1326 cm™!. This value is relatively low if we compare
it to that found in KPb,Cls (N,=1787 cm™').!3 This is an
important point because energy-transfer microparameters de-
pend on spectral overlaps and it is expected that such over-
laps increase for large crystal-field strengths (see next part).

> (B’;)2<
k.q

V. ANTI-STOKES EXCITATION AND EMISSION
PROCESSES

A. Experimental conditions

cw anti-Stokes emission and excitation spectra were reg-
istered at room temperature by exciting again the sample at
approximately 800 nm with a tunable and cw Ti:sapphire
laser (Coherent model 890). Fluorescence spectra were cor-
rected for the spectral response of the apparatus by using a
calibrated tungsten-halogen lamp source, and excitation
spectra were corrected for the spectral variation of the Ti-
:sapphire laser intensity by dividing the signals by this inten-
sity, as given by a standard calorimeter, or by the square of
this intensity, depending on the involved excitation process.
Time-resolved emission spectra registered around 800 nm
and fluorescence decay of 453/2 (after excitation at 800 nm)
were obtained by exciting the sample with the 10 ns laser
pulses from a wide-band optical parametric oscillator (GWU
OPO model C-355) pumped by the third harmonic of a
Q-switched Nd:YAG laser (Spectron model 404G). Emission
signals were dispersed with a 25 cm focal length Oriel
monochromator equipped with a 1200 grooves/mm grating
blazed at 750 nm, detected with a Hamamatsu R5108 photo-
multiplier, and fed into a computer-interfaced Tektronix
(TDS-350 model) oscilloscope. All these time-resolved spec-
tra were recorded at both short and long time delays after the
exciting laser pulses to distinguish between overlapping
emission components. Then, these time-resolved emission
spectra were transformed in cross-section spectra by using
the classical Fuchtbauer-Ladenburg method. The next and
final step of this investigation consisted in transforming the
derived emission cross-section spectra in absorption cross
sections by using the above described reciprocity method.
For the long lived anti-Stokes fluorescences, use was made
of the Ti:sapphire laser mentioned above, coupled to an
acousto-optic modulator.

B. Anti-Stokes emission and excitation spectra

As already described for a large variety of materials (ox-
ide, fluoride, chloride, and bromide) efficient green anti-
Stokes fluorescences are observed in the case of Er’* under
800 nm excitation (see, for example, Refs. 24-27). Despite
the low concentration of Er’*, we observed anti-Stokes emis-
sions after 800 nm excitation (Fig. 4). As in the case of
Er:KPC (Er**: KPbZCIS) anti-Stokes luminescences origi-
nate from levels *Hy,, *Fs,, *Fsp *Fs,, 2H,, and
4S 1325 Nevertheless, some differences exist between
Er 37 :KPb,Cls and Er**:TI;PbBrs. First, it was not possible
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FIG. 4. Anti-Stokes luminescence spectra of Er3+:Tl3PbBr53+
obtained at 295 K after excitation at 804 nm.

to observe any anti-Stokes luminescence from the 4611/2
level in the bromide crystal. Furthermore, the ratios between
the intensities of the anti-Stokes fluorescences are different.
This is the case, for example, of the anti-Stokes lumines-
cences from the levels *H,, and (*F,,%Fs,) since they
have about the same intensities in Er:TPB, whereas the anti-
Stokes luminescence from level H,,, dominates in the case
of Er:KPC. These differences probably come from a modifi-
cation of the up-conversion probabilities resulting from dif-
ferent crystal-field splittings (which are smaller in the case of
bromide crystals) and, in the case of phonon-assisted up-
conversion energy transfers, from lower phonon energies in
bromides than in chlorides.

To determine the exact nature of the mechanisms respon-
sible for these up-conversion luminescences, we studied first
the evolution of their intensities as a function of the excita-
tion pump power. Indeed, at least in the low power limit (i.e.,
far from saturation), these intensities should scale as P”"
where P stands for the pump power and n represents the
number of photons involved in the excitation process. Up-
conversion emission intensities were, thus, registered at
412 nm (*Hy,), 455 nm (*F5,), and 550 nm (*S;,) for dif-
ferent pump powers and plotted (see Fig. 5) with double
logarithmic scales. For emissions coming from levels *Fs,
and 4S3/2, the fluorescence intensities vary almost quadrati-
cally, which means two photon excitation processes. On the
contrary, the slope for the *Hy,, anti-Stokes emission inten-
sity significantly differs by a factor 2. This discrepancy could
be attributed to some competition between energy transfer
and radiative emission.?%%°

Then, to further investigate the involved up-conversion
processes, excitation spectra of the anti-Stokes lumines-
cences were recorded. Indeed, two different kinds of excita-
tion spectra are expected in the case of energy-transfer
up-conversion®? (ETU or APTE) or of excited state absorp-
tion (ESA). In the case of ETU, the excitation spectrum is
similar to the ground-state absorption (GSA) spectrum and
the spectral features are narrower as the number of photons
involved in the up-conversion process is larger.’! On the con-
trary, in the case of ESA, the excitation spectrum is a con-
volution of a GSA and ESA spectra, and different spectral
features appear.
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Such excitation spectra obtained by tuning the excitation
wavelength from about 790 to 835 nm and by monitoring
each of the detected anti-Stokes emissions are reported in
Fig. 6. We focused our attention on the up-conversion exci-
tation processes leading to the emissions coming from all the
levels *Hy,, *Fs5, *F;,, and *S;,, assuming the pairs of
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FIG. 6. (Color online) Excitation spectra (registered around
800 nm) of the up-converted luminescence of Er’*: Tl;PbBrs. Also
reported, for comparison, are the excitation spectrum of the 419/2
luminescence and the square of it (all the spectra are normalized to
their peak intensity and are vertically translated for better reading).
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levels (*Fs,,*F5,) and (*H,,,,"S;,) being thermalized at
room temperature. As indicated by the *I 1 5/2—>4 o2 ground-
state excitation spectrum (GSA), also reported in Fig. 6 for
the sake of clarity, and the energy level positions reported in
Table II, it is clear that the 4S3/2 excitation spectrum is
closely related, at least between 795 and 815 nm, to the *I,,
absorption spectrum. It means that the involved up-
conversion excitation process is very likely the nearly reso-
nant ETU processes written as follows:

(Mo Tg) = (130, "S5,)  [process (I)],

(41 13/2’419/2) - (41 15/2’453/2) [process (ID)].

Nevertheless, the excitation spectrum of *S,,, presents ad-
ditional features and is significantly broader than the square
of the *I,,, excitation spectrum. This indicates that another
process takes place. In order to account for such an unex-
pected broadening, an additional ESA process is proposed

I3, + hv — *H,,,, followed by
(*H,,,5,"S5/,) thermalization [process (III)].

The situation is clearly different for the excitation spectra
of the anti-Stokes luminescences coming from the
(*F3)5,%F55), *F5,5, and “H,,, levels since the spectra clearly
differ from the "I, excitation spectrum. The (*Fy,;*Fs),)
anti-Stokes fluorescence excitation spectrum presents a com-
plex structure with a maximum around 815 nm, far from the
main absorption peak characteristic of the *I,, GSA spec-
trum. To explain such a result, an additional ESA process is
proposed

1,10+ hv — *F;, followed by
(*F3)5,*F5,,) thermalization [process (IV)].

This up-conversion mechanism appears as the most efficient
process but, in agreement with a previous study on Er:KPC
(Ref. 13) and with the results of the energy level calcula-
tions, the two following ETU processes also probably occur:

(419/2,411 1) = (4115/2,4F3/2) followed by

(*F3)5,*Fs,) thermalization [process (V)],

(4[9/2’41 1) — (4F 3/2»41 15) followed by
(4F3/2,4F 5,») thermalization [process (VI)].

In the case of the 2H9/2, the excitation spectrum also pre-
sents a complicated structure. As for the case of
(*F 3/2,4F 5»), this experimental observation suggests that the
following ESA process takes places:

o+ hv— *Hy,, [process (VII)].

The excitation spectrum, however, occurs in the same do-
main and has some similarity with the *I;,, GSA spectrum,
for example, around 805 nm. This is the reason why it is also
proposed the ETU process:

(Yo, o) — (*1,5,0,*Hoyy)  [process (VIID)].
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FIG. 7. (Color online) Room temperature anti-Stokes fluores-
cence transients from level 4S3 /» after an 800 nm excitation.

The excitation spectrum of the *F,, multiplet is very
similar to the excitation spectrum of the “H,, multiplet. Its
structure, thus, indicates that some ESA process also takes
place. According to the energy level positions, however, no
ESA transition around 800 nm can reach this *F,, level di-
rectly. In fact, ESA could take place either from the *I,,, or
the *I,,,, level up to the 2H,, or the (*F;,, *Fs,) multiplet
from which the excitation relaxes down to level *F,. The
first process seems much more likely, however, than the sec-
ond one since the resulting excitation spectrum is much more
similar to the *Hy,, than to the *Fs,, excitation spectrum and
also because of more favorable branching ratios.'*

C. Fluorescence decay measurements and analysis

In the case of energy transfer, time-resolved measure-
ments following pulsed laser excitation can be useful to dis-
tinguish between ETU and ESA processes. Indeed, ESA
takes place during the excitation pulse, whereas ETU could
also operate at long time delays after the excitation laser
pulse. This is the reason why in the first case the decay curve
is similar to the decay curve obtained under resonant excita-
tion, whereas in the case of ETU, the decay curve presents a
rise followed by a nonexponential decay with a time constant
which may be much longer than the time constant obtained
for direct excitation (feeding process).

The fluorescence transient resulting from the anti-Stokes
emission coming from level *S;, after 808 nm excitation is
shown in Fig. 7. The decay curve presents a rise time and a
nonexponential decay. Such a decay curve thus indicates
that, for this excitation wavelength and this emitting level, an
ETU process is taking place. This decay curve was fitted (red
curve in Fig. 7) using the already discussed'3?* theoretical
expression:

n()=(b+c)e" M+ be™ ' —ce'T

with the time constants 7;=40 us, 7,=~930 us, and 73
~2.8 ms.

These long time constant values seem consistent with the
near resonant processes (I) and (II). For instance, 7, is, in-
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FIG. 8. (Color online) Temporal behavior of the up-conversion
luminescence obtained for a 2 ms pulse excitation at 805 nm (decay

curves normalized and vertically translated). The inset shows the
same decay curves with a semilogarithmic scale.

deed, about half the “I,, lifetimes (Table I), which is consis-
tent with the cross relaxation (I). Interpretation of time con-
stant 73 is more delicate, but seems in agreement with the
mechanism (II) because the multiplet *7;5, presents a long
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lifetime [* 5, is mainly populated via radiative transfer from
*I,,, and by energy transfer (I)] and a non-negligible popu-
lation [B(*1y,—*1,5,,) ~0.15].

For the (‘F5,, *F,,) and the *H,,, anti-Stokes emissions,
the signals were very weak. Nevertheless, some measure-
ments could be performed by using our cw Ti:sappphire laser
and an acousto-optic modulator. These transient signals were
only registered to get some information about the involved
up-conversion mechanisms. As shown in Fig. 8, the decay
curves present a long lifetime exponential part with a time
constant longer than the lifetime of the involved emitting
level as obtained by resonant excitation. It simply means
that, following 800 nm excitation, ETU processes take place
in the three cases.

D. Low temperature measurements

Low temperature emission and excitation spectra are pre-
sented in Fig. 9. As shown in Fig. 9(a), anti-Stokes lumines-
cences from levels *H,, and *F,, are observed, whereas no
emission could be detected from level *S;,. When the tem-
perature increases, however, the intensity of this 4S3/2 lumi-
nescence rapidly increases and becomes dominant. This ob-
servation indicates that a very efficient nonresonant energy
transfer occurs between levels Iy, and *S,,. Furthermore,
the low temperature excitation spectra of this 4S3/2 lumines-
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S 5 J
) !
< 4 150K -
> ;
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FIG. 9. (Color online) (a) Temperature evolution of the up-conversion fluorescence registered around 550 nm after 803 nm excitation.
Temperature variation of the excitation spectra (recorded around 800 nm) of the up-conversion luminescences coming from the levels (b)

453/2, (c) 4F5/2, and (d) 2H9/2.
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cence [Fig. 9(b)] present some additional peaks in compari-
son to the excitation spectra of the *I,, luminescence (see
Fig. 3). The presence of these new lines confirms that energy
transfer via ESA from level ‘I 5, to level H,,,, also takes
place.

The excitation spectra of *Fs,, as a function of tempera-
ture are presented in Fig. 9(c). At 10 K, the spectrum is very
similar to the excitation spectra of the *I,, luminescence.
Then, as temperature is increased, a new group of lines ap-
pears around 810—825 nm. These two groups of peaks show
different temperature dependences, indicating two different
origins. At low temperature, the *Fs, multiplet is mainly
populated via ETU processes (V) and (VI), whereas at high
temperatures, ESA processes, such as process (IV) involving
level *I 11/2» also occur and increase more significantly.

Finally, in the case of the multiplet *Hy,,, the low tem-
perature excitation spectra are very complicated, with many
additional lines compared to the *Iy, excitation spectrum.
This indicates that both ESA (VII) and ETU (VIII) processes
take place even at low temperatures.

In conclusion of this analysis, it is demonstrated that both
ESA and ETU excitation paths take place for the three kinds
of studied anti-Stokes fluorescences.

E. Time-resolved measurements and determination of the
energy-transfer microparameters

It was demonstrated above that pumping in the wave-
length region of the 419,2 absorbing level could lead to anti-
Stokes luminescences coming from *H,, *Fs,, and *S;,
resulting from ESA and ETU processes. For a more quanti-
tative understanding of these mechanisms, knowledge of the
involved downward and upward transition cross sections
around 800 nm is necessary. These emission and absorption
cross-section spectra for levels 419/2, 4S3/2, ’H 11/29 4FS/Z, and
*F,,, have been gathered in Fig. 10.

ESA is directly evaluated with the aid of the cross section
opsa(N), whereas UC energy-transfer efficiency generally re-
quires the determination of energy-transfer microparameters
noted Cpp and Cp,, as introduced first by Forster and
Dexter’>33 and very often used in the laser community.>*
These microparameters are related to the energy-transfer
probability between two ions I and J separated by a distance
R and given by P;;=C;;/R", where n is an integer which
depends on the interaction mechanism (n=6 for a dipole-
dipole interaction, for example). Whereas the Cp,, micropa-
rameter stands for “static” and direct energy transfers be-
tween the same type or different ionic species, the Cpp one is
introduced in the case of migration-type energy transfers
within the same ionic species; for example, here between
Er’* ions in their Iy, and *I,5,, energy levels.

Cp, and Cpp microparameters are easily calculated once
emission and ground- and excited-state absorption cross-
section ogg, 0gsa, and ogga spectra have been derived by
using the expressions?

3¢
Cpa=32 zfaESA(k)UEs(X)dk (6)
87'n

and
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FIG. 10. (Color online) Ground-state absorption and excited-
state absorption and emission cross-section spectra ggsa, Ogsa, and
o, respectively, determined around 800 nm.

3¢
Cpp= 4 QJUGSA()\)U'ESO\)dN (7)
87'n

The results of these calculations, using the data reported in
Fig. 10, are summarized in Table III. The microparameter
values for Er3+-doped oxide, fluoride, or chloride crystals
usually ranges between 1073® and 107*! cm® s~1.133435 Com-
parison between the energy-transfer microparameters of
Er:KPC and Er:TPB indicates that energy transfers are less
efficient in the latter host. The comparison between materials
is not trivial, in fact, since the values of the energy-transfer
microparameters reflect different aspects such as crystal-field
splittings, transition strengths, and, in case of nonresonant
energy transfer, phonon energy. If we assume nearly resonant
energy transfers and similar oscillator strengths for the two
hosts, the observed discrepancy between the two set of Cpy
parameters likely comes from different crystal fields at the
rare-earth ion sites, weaker in the case of TPB than in the
case of KPC. This is one reason why energy-transfer micro-
parameters between donor and acceptor Cp, may be smaller
in Er**-doped bromides than in Er**-doped chlorides (and in
fluorides and oxides): overlaps between emission and
excited-state absorption spectra occur within smaller spectral
regions. On the other hand, for migration-type energy trans-
fers and associated microparameters Cpp, the situation may
be different, since a smaller Stokes shift can favor the over-
lap between the involved absorption and emission spectra.
So it is understandable that the observed variation of the Cpp
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TABLE 1II. Comparison of experimentally derived nonradiative energy transfer microparameters of

Er: T13PbBrs and Er: KPb,Cls.

Er:Tl;PbBr5 Er: KPb,Cls* Ratio
Cpp (o, 1is) — (5. o ) 0.95% 10740 cm® 57! 119X 1074 cm® s~ ~1.25
Cpa (U, Io0) — (1159, Hy)) Not available 0.82X 10740 cm®s~! ?
Cpa (o, 111 0) — (50, ) 0.48 X 1070 cm® 57! 2.54% 1074 cm® 57! ~53
Cpa (oyy, 1 139) — (159, %S5,) 0.44X 10740 cm® 57! 1.00X 10740 cm® s~! ~2.27

4Reference 13.

parameters may be less pronounced than the Cp, parameters.

It can be concluded that, for 800 nm excitation, optical
losses induced by energy transfers will probably be less im-
portant in Er:TPB than in Er:KPC.

VI. CONCLUSION

In this paper, we have presented the optical properties of a
particular Er**-doped nonhygroscopic, low-phonon-energy,
and nonlinear crystal TI;PbBrs. Low temperature emission
and excitation spectra have been registered and analyzed to
determine the list of energy levels. This analysis has proven
that Er** occupy essentially one kind of crystallographic site,
and a set of crystal-field parameters has been determined by
assuming a C, site symmetry both to corroborate the ob-

served energy levels and to give the approximate positions of
others. Anti-Stokes emission and excitation spectra as well as
fluorescence decays and time-resolved emission and excited-
state excitation spectra have been recorded and analyzed.
These data now provide all the necessary elements (such as
excited-state absorption cross sections and up-conversion
energy-transfer rates) for a future modeling of laser operation
of the considered system under diode laser pumping using
around 800 nm and to determine the effective laser potential
of this Er**-doped single crystal.
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