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In this work we studied spectroscopic characteristics of potassium-lead
double-chloride, and lithium-yttrium double-fluoride crystals doped with
dysprosium. Objects of research were KPb2C15:Dy 3+ , and LiYF4(YLF):Dy 3 +
crystals grown by the Bridgman—Stockbarger technique. We obtained the effective distribution coefficients KD y = 0.95 for LiYF4:Dy 3+ , and KD y = 1 for
KPb2C1 5 :Dy 3+ . Optical spectra were studied, intensity parameters were determined by the Judd—Ofelt method, and radiative probabilities and branching ratio were calculated. The conclusion was made that the studied crystals
can be considered as promising new active media for laser diode pumped
solid state lasers. The YLF:Dy 3 + crystals are perspective for laser action
near 3 mm, and the KPb 2 C15:Dy 3 + for multiwavelength IR lasers, and for
1.3 mm laser diode pumped telecommunication amplifiers.
PACS numbers: 78.55.—m
1. Introduction

Development of the Er-doped amplifiers (EDFAs) for telecommunications
gave rise to increasing rates of data transmission, however, it should be noted that
the EDFA operates at 1.55 um which differs from 1.31 µm operating wavelength
*The results of this paper were initially presented at The Jabłoński Centennial Conference
on Luminescence and Photophysics, July 23-27, 1998, Toruń, Poland.
t e-mail: alex@tkachuk.spb.su

(381)

382

A. Tkachuk et al.

format. That is why a problem of creating the amplifiers operating at 1.31 μm
remains actual.
The rare-earth doped fluoride crystals are well known as luminescent and
laser material with laser emission in the UV, VIS, and IR including the 1.3 µm
spectral region. YLF-crystalline matrix shows a wide transparency range (from
0.15 to 7.5 µm), it has the best thermooptical characteristics, low value of induced
nonlinear refractive index, and optical, thermal, and radiation stability. Dysprosium doped fluoride crystals BaY2F2:Dy 3 +, Era+ [1] and LaF3:Dy 3 + [2] are known
as active media for IR solid state lasers emitting at, 3 μm.
The narrower phonon spectrum of chloride crystals in comparison with the
fluoride makes the chlorides one of the best materials for laser action in the middle
IR spectral region where luminescence of fluoride crystals is quenched by fast
multiphonon relaxation. An attempt was made for searching a new crystalline
matrix in which laser action could be obtained under LD pumping in a wide
spectral region including the wavelength near 1.3 µm which is favorable for optical
telecommunication amplifiers.
The knowledge of the radiative probabilities of the transitions in rare-earth
ions is useful for prediction of its possible laser applications, for this reason we
tried to compare the spectroscopic parameters of Dy 3 +-doped crystals of double
chlorides with well-known YLF laser matrix.
We studied optical spectra of double-chloride KPb 2 C15:Dy 3 + and double-fluoride YLF:Dy 3 + crystals grown by Bridgman technique. We obtained the effective
distribution coefficients of Dy 3 + in fluoride and chloride crystals: KD y = 0.95 and
KD y = 1 for the YLF:Dy 3 + and KPb2C1 5 :Dy 3 +, respectively. The ESR measurements revealed the only type of impurity centers in each of studied systems. The
absorption and luminescence spectra were studied, the intensity parameters were
determined by the Judd—Ofelt method, and the radiative and non-radiative transition probabilities were calculated for Dy 3 +-doped double chloride and double
fluoride crystals.
2. Experimental methods and results

2.1. Crystal growth and structure

KPb2C1 5 :Dy 3 + crystals were grown by Bridgman technique from the ampoule in a double-zone furnace with vertical gradient 20 deg/cm. The KPb2C15
crystals have monoclinic structure with lattice constants a = 0.8831 nm,
b = 0.7886 nm, c = 1.2430 nm and angles α =γ= 90°, ß = 90°8'; space symmetry group P2 1/c. It was found that in KPb 2Cl5 there are four non-equivalent
sites of Pb 2 +, so there are different possibilities for replacement the cations (Pb 2 +
and K+) by Dy 3 +. The charge compensation with forming the cation vacancy is
required in Dy 3 + doped chloride crystals. The Dy content in the melt did not exceed 3 mol.%. The samples were polished disks 6 mm in diameter and thickness of
1-8 mm. The concentration of the Dy 3 + ions in a melt varied from 0.5 to 2 at.%.
YLF:Dy 3 + crystals were grown from carbon crucibles by the modified high
vacuum Stockbarger technique from the stoichiometric fusion mixture. YLF-crystals are uniaxial, positive, have scheelite structure with lattice parameters a =
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0.5175 nm and c = 1.074 nm. Space symmetry group of YLF crystals is C4h, point
symmetry group at the Y3+ site is 84. Dy 3 + substitution occurs at the Y3+ site,
and charge compensation is not required. The samples were polished cuboids with
the dimensions 6 x 6 x 6 mm 3 and crystallographic "c"-axis oriented along one of
the ribs. Dy 3 + concentration in the YLF samples up to 100 at.% was achieved,
scheelite structure of the LiDyF4 crystals was confirmed by X-ray method.
2.2. Determination of the distribution coefficient of Dy3 + ions in crystals

Since the distribution coefficients of dysprosium in KPb2Cl 5 and YLF matrices were unknown, a simple non-destructive spectrophotometric method of determination of average dysprosium concentration in the sample was developed.
We determined the effective distribution (segregation) coefficient KD y using the
method based on the measuring of the peak optical density Da in the reference
line at the wavelength λ and on the known peak absorption cross-section σa( λ),
similarly to the method described in [3]. The average dysprosium concentration
ND y in sample of length L was defined from the expression
The calibration of the absorption method was carried out using reference
crystal sample with the known concentration of dysprosium. Dy 3 + concentration
in this reference sample was determined by the X-ray spectral analysis performed
with the electron-probing micro-analyzer Camebax by CAMEKA. The samples
were cut from different parts of the boule and prepared in the form of thin polished plates. The YLF:Dy 3 + samples were oriented with the crystallographic axis
"c" normally to the face to avoid the polarization dependence of σa(λ ). The absorption spectra of these samples were recorded with a Perkin-Elmer Lambda-9
spectrophotometer and the peak absorption cross-sections σa(λ) were determined
for each of the samples.
Our measurements showed that the segregation coefficient KD y for
KPb2Cl5:Dy 3 + was equal to 1.003, and KD y for YLF:Dy 3 + crystals was close
to unity, namely, KD y = 0.95. This value did not change along the crystal length
up to 50 mm with the accuracy about 0.2%.
2.2. Optical spectra and spectroscopic parameters

We investigated the optical spectra of the KPb 2 Cl5:Dy 3 + and YLF:Dy 3 +
crystals by traditional spectroscopic methods. The energy scheme of Dy 3 + ions
is shown in Fig. 1. The ground state absorption, most probable emission and
non-radiative transitions are shown by arrows. The absorption spectra were recorded in the 3000-39000 cm -1 spectral region with a Perkin-Elmer Lambda-9 spectrophotometer. The fluorescence spectra were recorded using setup on the basis of
a DFS-32 spectrometer with removable diffraction gratings.
The experimental oscillator strengths fi,j and integrated cross-sections σi,j
of the transitions from the ground state i to the excited multiplets j have been
determined from the absorption spectra in accordance with the expression
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Fig. 1. Diagram of energy levels and transitions between them for dysprosium ion in
YLF:Dy 3 + and KPb2Cl5:Dy 3+. Ground state absorption (B,,) and emission (Aji) are
designated by thin arrows, double arrows are non-radiative transitions, thick dash arrow
indicates the transition in KPb2Cl5:Dy 3 + responsible for amplification of a small signal
at 1.3 µm, and thick solid arrow shows 3 probable laser transition in Dy 3 + doped
studied crystals.

where m and e are the mass and the charge of an electron, c is the velocity of light,
f Ki,j(v)dv is the integrated absorption coefficient corresponding to the transition
i -> j, and N is the concentration of active ions.
The oscillator strengths fir for transitions from the ground state 61/15/2
to the excited states of Dy 3 + ions in YLF:Dy 3 + and KPb2Cl5:Dy 3 + crystals are
given in Tables I and II.
The following expression was taken for the integrated cross-section σi,j :

where σi,j (v) = k(v)/N is the cross-section at the frequency v in cm 2 . For the frequency in the line maximum σPj =σi,j (vmax) it is the so-called peak cross-section.
Figures 2a and b show the absorption cross-section spectra in the 330020000 cm -1 spectral region (transitions from 6H1512 to 6H'J, 6FJ levels, see Fig. 1)
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TABLE I
Experimental fe" and calculated fcalc oscillator strengths of
dipole-dipole i j transitions in YLF:Dy 3+ crystals.

for YLF:Dy 3 + and KPb2Cl5:Dy 3 + crystals, respectively. The maximal peak absorption cross-sections at (a) = ki,j (λ)/NDy for the most intense absorption bands
of studied crystals are listed in Table III.
Parameters of spontaneous radiative transitions were found by the Judd-Ofelt
method [4, 5]. The oscillator strength of the electric dipole transition i -> j, within
the 4fn configuration of the rare-earth ions in the crystal can be represented as
the sum

where (| SL || J || U |(IS'LtJ)are)thmixlnsofuterpa,x=
n(n 2 -I- 2) 2 /9 for the dipole transition. The experimental oscillator strengths for
the electric dipole transitions were calculated from the relation fed = fexp _ fmd .
The oscillator strengths of magnetic dipole transitions fmd were taken from [6]. By
equating experimental and calculated oscillator strengths fcalc = f pand solving

Fig. 2. Absorption cross-section spectra at 300 K: (a) polarized spectra of YLF:Dy 3 +
crystal for π+σ . polarization (solid curve 1) and σ polarization (dash curve 2),
(b) non-polarized spectrum of absorption cross-section for KPb2Cl5:Dy 3 + crystal.

the system of Eqs. (2.4) for the intensity parameters Ω t by the least squares
method, we can find the values of Ω t . These parameters are
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TABLE III

The theoretical oscillator strengths for the absorption bands ftalc were calculated with these parameters for YLF:Dy 3 + and KPb2Cl5:Dy 3 + crystals; they
are listed in Tables I and II. Good agreement between the experimental and calculated oscillator strengths of the transitions from the ground state 6H15/2 to the
excited states in studied crystals permitted us to calculate the characteristics of
radiative transitions with these intensity parameters Q t .
The following well-known expressions were used to determine the values of
the oscillator strengths the probabilities A.T i , and branching ratios (31:i of the
radiative transitions j —> is

Here v is the average transition frequency in cm-1, gi(j) is the degeneracy of the
i (j) level, and n is the refractive index at the frequency v.
The radiative lifetimes were found from the total probabilities of radiative
transitions from the level j:

and the non-radiative transition probability Wj can be estimated from the intrinsic
level lifetime 73:
The calculated oscillator strengths, radiative probabilities, and branching ratios for
radiative transitions between sextet Dy 3 + levels in YLF:Dy 3 + and KPb 2 Cl 5 :Dy 3 +
crystals are given in Tables IV and V, respectively.
To estimate the luminescence intensity, certain information about non-raLuminascence
diative
transition rates is required.
quantum

yield from the excited levels is
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TABLE IV
The calculated oscillator strengths fcalc, radiative probabilities Aji, branching ratios
RWOf,ßajindromutlvpehNsT-adi trno es
dipole-dipole (j —> i) transitions in YLF:Dy 3+ crystals.
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TABLE V
The calculated oscillator strengths fc a i c , radiative probabilities Ali, branching ratios
$ji, radiative lifetimes r0, and multiphonon non-radiative transition rates W N R for
dipole—dipole (j —+ i) transitions in KPb2Cl5:Dy 3+ crystals.
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and strongly depends from the non-radiative relaxation rates W ir for a small energy gap between the energy levels DEij . It was found by Miyakawa and Dexter [7]
that multiphonon non-radiative transition rate (in a single frequency approach)
depended exponentially on the energy gap LE:

Here hw0 is the phonon energy which is equal or less than the limiting phonon
energy of the crystal, p is the number of phonons emitted into crystal-matrix, a
is the electron–phonon coupling constant, ń(w0) is the mean equilibrium value for
the phonon number with the energy hw0:
Assuming a weak electron–phonon coupling and low value of ri(w0), the dependence
WiNR(AEij) could be approximated as the exponential one (2.11). This expression
coincides with the phenomenological formula
commonly used for estimating the multiphonon non-radiative transition rates in a
given crystal [8, 9]. This expression was explained by Riseberg and Moos [10].
The results of calculation of the multiphonon non-radiative transition rates
in YLF and KPb2Cl5 crystals within the framework of both mentioned models are

Fig. 3. Calculated dependence of non-radiative transition rates for KPb2Cl 5 (1, 2) and
YLF (3, 4) crystal-matrices. 1, 3 — Miyakawa and Dexter model, 2, 4 — Riseberg and
Moos model.
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represented in Fig. 3. For YLF crystals we used hzw ° Pe. 560 cm -1 [11], parameters
B = 6.7 x 10 7 s -1 , a = 3.6 x 10 -3 cm [12], and a = 0.1. For chlorides the
typical values are: B = 1.5 x l0 1 ° s -1 , a = 1.3 x 10 -2 cm and a = 0.04 [13].
The value of dew° = 200 cm -1 for KPb2Cl5 was found from Raman spectrum. The
dependence W1(e) = Wir1(DEij) was calculated using formulas (2.11)—(2.13)
and W2(E) = Wir2(DEij) by formula (2.14). The results of estimating the
non-radiative transition rates in
in YLF:Dy 3 + and KPb 2 Cl 5 :Dy 3 + with the

Fig. 4. Luminescence spectra of YLF:Dy 3 + (a) and KPb 2 Cl 5 :Dy 3+ (b) at T = 300 K.
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use of empirical dependence (2.14) are shown in Tables IV and V. As a matter
of fact, the luminescent properties of crystals depend on the relation between
radiative and non-radiative probabilities for each of excited levels. From Fig. 3,
one can conclude that in YLF:Dy 3 + all excited levels separated by the energy gap
DEi,j < 2000 cm -1 are quenched. In KPb2Cl5:Dy 3 +almost all excited dysprosium
levels are radiative, considerable quenching W
">
1 s -1 ) can be observed
03
for the excited levels separated by the energy gap DE2j < 1000 cm -1 . These
conclusions are in good agreement with the results of examination of luminescence
spectra of studied crystals shown in Fig. 4.
If YLF:Dy 3 + crystal was excited by Xe-lamp through UV filter (340-400 nm),
the luminescence was observed only from the 4F912 level. The luminescence bands
(Fig. 4a) were assigned to the transitions 4F9/2 -+ 4F11/2, 6HJ (Fig. 1). Under
UV excitation of KPb2Cl5:Dy3+ crystals, one can see luminescence in the spectral
region 410-850 nm corresponding to transitions from 4F912, 4I15/2 and 4M2112 levels. With IR excitation no luminescence was observed in YLF:Dy 3 + except that at
3 gm corresponding to the 6H1312 —> 6H1512 transition, and under the same excitation conditions in KPb2Cl5:Dy 3 + we observed luminescence at 1.3 µm, 1.7 µm,
2.4 µm, 2.9 µm, and 4.3 µm (Fig. 4b). The luminescence lifetime Dy 3 + for transition at 1.3 µm 6H912+ 6F1112 —* 6H1512 was measured using a short-pulse IR pumping. Luminescence decay was exponential with the Tex p = 653 s in KPb2Cl5:Dy 3 +
(1 mol.%).
(

3. Discussion

Comparison of the Dy 3 + absorption and emission spectra in YLF and
KPb2Cl 5 matrices showed that, in accordance with the crystalline structure, the
YLF:Dy 3 + crystals have narrow polarized lines but KPb2Cl5:Dy 3 + spectra exhibit non-structured absorption bands typical of disordered structure (Figs. 2a,
2b, 4a, 4b). It is remarkable that the most intense absorption band (o.P(a) _
5.18 x 10 -20 cm 2 ) in KPb2Cl5:Dy 3 + corresponds to 6H15/2 —f 6H9/2 + 6F1112
transition (a = 1297 nm), this transition is the most favorable for application
in telecommunication amplifiers. Moreover, absorption bands near 800 nm corresponding to the 6H15/2 —* 6F5 1 2 transition can be used for LD pumping of
Dy 3 +-doped crystals. These intense bands have the peak absorption cross-sections
σ- P(A) = 1.03 x 10 -20 cm 2 for the nonpolarized absorption band near 805 nm in
YLF:Dy 3 +, and o"P(.) = 0.9 x 10 -20 cm 2 for the absorption band near 810 nm
in KPb2Cl5:Dy 3 + (Table III), their spectral positions coincide with the laser
diode emission spectrum. Other IR absorption bands corresponding to the trans 1 tions 6H 1512 6H1312, 6H1512 -* 6H9/2 6F1112, 6H1512 —+ 6H7/2 + 6F9 1 2 , and
61/15/2 --> 6F7 / 2 have high intensity but none of them matches the LD pumping.
From the luminescence spectra of YLF:Dy 3 + under UV excitation (Fig. 4a)
it follows that all groups of lines correspond to transitions from one level 4F9 1 2 on
6111 and 6HJ levels. Considering the rates of multiphonon relaxation in YLF:Dy 3 +
(Fig. 3, and data in Table IV) the conclusion can be made that under UV excitation
the radiative transitions from 4F9 1 2 level occur in YLF:Dy 3 +, while at IR excitation
the only radiative transition 6H1312 —> 6H1512 at 3 µm is possible. This transition
is the most efficient luminescent transition of YLF:Dy 3 + crystals under LD pump
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because luminescence efficiency for all other IR transitions are very low due to
high non-radiative probabilities for 6FJ and 6HJ levels excepting the 6H1312 level.
Therefore, according to the calculated estimates the transition 6H13/2 --> 6H15/2
may be considered as the laser one at 3 µm range.
On the contrary, in KPb2Cl5:Dy 3 + crystals several quartet levels and almost
all sextet levels are initial levels of radiative transitions that is why luminescence
spectra of Dy 3 + ions have a lot of bands not only in UV, VIS, and 3 mm spectral regions, as in fluoride crystals, but also in IR — up to 4 mm (Fig. 1). Experimental luminescence spectra of KPb2Cl 5 :Dy 3 + crystals (Fig. 4b) are in good
agreement with the calculated estimates: luminescence in KPb2Cl5:Dy 3 + was really observed at 1.3 µm ( 6H9 / 2 + 6F11/2 6H 15 / 2 ); 1.7 µm ( 6H 11 1 2 —> 611- 15/2);
2.4 μm ( 6H912 + 6F11 1 2 —> 6H 13 1 2 ); 2.9 jim ( 5H1312 —> 6H 15 1 2 ) and 4.3 µm
( 6H11/2 _4 6H 15 1 2 ). The luminescence lifetime of Dy 3 + ions was measured for
transition at 1.3 µm ( 6H9 1 2 + 6F1112 —> 6H 15 1 2 ). Luminescence decay is exponential with Tex p = 653 µs in KPb2Cl5:Dy 3 + (1 mol.%). This value was longer
than calculated radiative lifetime r0 = 581 s shown in Table V. It may bę partly
explained by the effect of reabsorption for the resonant transition with a high
oscillator strength.
Preliminary results of experimental study of small signal gain measurements
were made on KPb2Cl5:Dy 3 + crystal with a Cr:LiSAF laser providing 0.2 ms
pump pulses at 910 nm, and a CW Nd 3 +:YAG laser probe beam at 1319 nm line.
With the available pump energy density F = 175 J/cm 2 the probe signal increases
by 12% above the ground state absorption. These data show new possibilities for
development of the 1.3 µm optical amplifier with a high quantum efficiency based
on Dy 3 +-doped double chlorides.
4. Conclusions

We have studied spectroscopic properties of Dy 3 +-doped double lithium-yttrium fluoride and double potassium-lead chloride crystals. The KPb2Cl 5 crystals have monoclinic structure with non-equivalent sites of cations (Pb 2 + and
K+) for replacement by Dy 3 +. We obtained the effective distribution coefficients
KD y = 1 for KPb 2 Cl 5 :Dy 3 + and KD y = 0.95 for YLF:Dy 3 +. The optical spectra (absorption cross-sections, luminescence spectra, and Raman spectra) of chloride crystals were typical of disordered structure of impurity centers. Dysprosium
ions substitute different non-equivalent cation sites, the charge compensation with
forming the cation vacancy is required in Dy 3 + doped chloride crystals.
The oscillator strengths of transitions from the ground state have been determined and the intensity parameters have been obtained using Judd—Ofelt method.
The probabilities of radiative and non-radiative Dy 3 + transitions were estimated
in both systems. IR luminescence spectra show intense bands near 1.3 and 2.9 µm
in KPb2Cl5:Dy 3 + and the only one band at 2.9 /em in YLF:Dy 3 + in accordance
with the calculated estimates.
On the basis of calculated and experimental data some conclusions were
made about possible practical applications of studied crystals:
— the YLF:Dy 3 + crystals may be considered as promising active media for
3 µm lasers;
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— narrow phonon spectrum of double chloride crystals caused a lot of IR
radiative transitions in dysprosium, some of them having a long lifetime and
high intensity, could be considered as the highly probable lasing transitions, so
KPb2Cl5:Dy crystals are promising active media for laser action at a number of
wavelengths up to 4 μm;
— high luminescence intensity of the KPb2Cl5:Dy crystals at 1.3 μm and
long lifetime (0.67 ms) of the initial level of this transition, together with gain
effect at 1.319 μm make us conclude that these crystals will be perspective for
application in telecommunication amplifiers.
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