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Abstract. Various aspects of crystal growth, structure, physical and optical properties of new

low phonon energy crystals, namely the rare earth doped alkali-lead halide crystals RE3+:
MPb2Hal5(M = Rb, K and Hal = Cl, Br), are described. The crystals were grown using the

Bridgman technique, most of crystals were grown for the first time. The results of spectroscopic

study of the RE3+-doped double chloride crystals, RE3+:KPb2Cl5 (RE3+ = Pr3+, Nd3+, Tb3+,

Dy3+, Ho3+, Er3+, Yb3+), and new double bromide KPb2Br5 and RbPb2Br5 crystals doped with

Nd3+ and Tb3+ are presented, including multiphonon non-radiative relaxation rates, and absorption

and emission spectra. Judd-Ofelt intensity parameters, as well as radiative transition probabilities,

lifetimes, and branching ratios are summarized. The efficiency of up-conversion is demonstrated

in Nd and Er doped KPb2Cl5 crystals. The luminescence dynamics and energy transfer processes

responsible for population of excited RE3+ levels and laser action are discussed. The possibility of

laser action in the mid-infrared is considered.

Keywords: Double alkali-lead halides, crystal growth, phase transitions, crystal structure, opti-

cal properties, rare earth ions, optical spectra, phonon spectrum, absorption cross section, energy

transfer, upconversion, multiphonon relaxation, population dynamics, laser action.

1. Introduction

Mid-infrared (mid-IR) solid state lasers operating in the 3–10 µm spectral range

are of great importance because of the overwhelming variety of fundamental and

practical applications such as next-generation imaging devices, near-IR quantum
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counting devices, remote sensing, molecular and solid state spectroscopy, clinical

and diagnostic analysis, atmospheric sensing, optical metrology, and medicine.

Currently, optical parametric oscillator systems are typically used to cover

these wavelengths. These systems incorporate both nonlinear media and pump

laser sources, leading to some complexity of the optical system.

Another simpler approach to solve these problems is direct mid-IR laser oper-

ation in solid-state media. In this case, direct pumping of the working laser level

is of specific interest for the development of mid-IR lasers with high efficiency.

To achieve an acceptable quantum efficiency from a given energy level it is neces-

sary to avoid luminescence quenching via multiphonon relaxation depending on

energy gap and maximal phonon energy in given host material. Therefore, the host

material must have low phonon frequency, which will ensure low non-radiative

losses. Multiphonon quenching of closely-spaced energy levels limits laser oper-

ation to wavelengths near and shorter than 3 µm in host-matrices based on the

oxygen-containing compounds (e.g. YAG, YSGG, GGG, YAlO3, YVO4, CaWO4)

doped with Rare Earth (RE) ions [1].

More success has been achieved with laser operation in the range shorter than

4 µm with rare-earth-doped fluoride hosts, having effective phonon frequency of

400–560 cm−1, about two times lower then in the oxygen containing compounds.

Under direct pumping, laser action with double fluoride crystals has been

achieved at 2.8–2.9 µm on Er3+ laser transition 4I11/2 → 4I13/2 in LiYF4 [2–15],

BaY2F8 [16–19], Na0.4Y0.6F2.2 [20], on Ho3+ laser transition 5I6 → 5I7 in

BaYb2F8 [21, 22], LiYbF4 [23], and at 3.0–3.4 µm on Dy3+ laser transition
6H13/2 → 6H15/2 in Ba(Y, Yb)2F8 [24, 25] and LaF3 [26]. Laser action at

3.4–4.4 µm has been achieved on Dy3+ laser transition 6H11/2 → 6H13/2 in

YLF [27]; on Ho3+ laser transitions 5S2 → 5F5 [28] and 5I5 → 5I6 [29] in LiYF4,

and on Pr3+ laser transition 1G4 → 3F4 in BaYb2F8 [30].

Currently, the RE-doped sulfide and chloride hosts attract particular attention

due to the possibility of laser action beyond the 4-µm limit owing to their lower

vibrational frequencies and higher quantum yields. These low phonon energy

hosts have extremely low non-radiative rates and have been demonstrated to be

very advantageous for direct diode-pumped solid-state lasers operating in the

3–9 µm region [31–40]. Room temperature laser action in Dy3+-doped CaGa2S4

crystal at 4.31 µm was first reported in [37]. Tunable room-temperature laser

action near 4.3–4.4 µm has been demonstrated in low-phonon-energy nonhygro-

scopic sulfide host (calcium thiogallate CaGa2S4) doped with Dy3+, and it was

noted that the 4.3 µm laser emission is in accordance with the five-times-maximal

phonon energy rule of thumb, suggesting that laser emission up to 5.7 µm is pos-

sible. Some advantages in output laser efficiency of Dy3+-doped lead thiogallate

(PbGa2S4:Dy3+) over CaGa2S4 was demonstrated in [41].

The longest laser wavelength of 7.2 µm has been achieved with the

low-phonon-energy host lanthanum trichloride (LaCl3) doped with Pr3+ [42].
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However, Pr:LaCl3 crystal has the disadvantage of being highly hygroscopic and

lasing at low temperatures (T < 200 K).
An important step towards practicality was made when the rare-earth-doped

alkali-lead halide crystals MPb2Hal5 (M = Rb, K and Hal = Cl, Br) were identi-

fied as promising new low-phonon-energy host materials for mid-IR applications.

First, potassium-lead double chloride crystals KPb2Cl5 (KPC) were synthe-

sized and studied in 1993 [43]. They show high chemical resistance, satisfactory

mechanical properties, and have low hygroscopicity, unlike the known simple

tri-chloride crystals (RE:LnCl3).

The KPC material was assigned a promising new laser host material for rare-

earth ion doping, and having narrow phonon spectrum (h̄ω0∼203 cm−1) [44].

The KPC crystal was found to exhibit superior spectroscopic and mechanical

properties desirable for practical solid-state mid-IR lasers.

Direct pump laser action in Er3+:KPC at both 1.7 and 4.5 µm from the

erbium 4I9/2 manifold has been demonstrated [45]. In Nd3+:KPC, laser operation

was obtained on the 4F3/2 → 4I11/2 transition at 1.06 µm with a slope effi-

ciency of 7.7 % [38] and in Dy3+:KPC laser action was demonstrated on the

(6H9/2 + 6F11/2) → 6H13/2 transition at 2.43 µm [37]. New IR emission in Dy-

doped KPC single crystals around 1.55 µm on the promising 6F5/2 → 6H11/2 laser

transition is also reported [46].

Narrower phonon spectra are exhibited by bromide crystals. The alkali-lead

bromide crystals (RbPb2Br5 and CsPbBr3) were grown first in 1995 and the results

of the study of crystal growth and luminescence properties were reported [47].

An efficient purification procedure of starting bromides was proposed and single

crystals without cracks, 20 mm in diameter and 30–50 mm in length, have been

prepared. Luminescence of undoped RbPb2Br5 crystal was measured for the first

time [47].

The rare-earth-doped potassium-lead bromide (KPb2Br5 or KPB) and

rubidium-lead bromide (RbPb2Br5 or RPB) crystals have properties similar to that

of KPC crystals, but lower phonon cut-off energy (∼140 cm−1) [48]. They may

be considered as the best matrix for minimizing the primary cause of the passive

losses in laser rod arising from nonradiative multiphonon relaxation, therefore,

these hosts permit lasing at longer wavelengths with extremely low thermal

losses. Laser action in near-IR was demonstrated in Nd3+-doped KPB and RPB

crystals [48]. Spectroscopic study of the Tb3+:KPB crystals gave evidence that

room-temperature laser action should be possible in the mid-IR up to 9 µm [48].

Thus, the rare-earth-doped potassium- and rubidium-lead double halogenides

MPb2Hal5 (M = K, Rb; Hal = Cl, Br) can be considered as promising new

materials emitting in a wide spectral range from the UV to mid IR. Interest

in these crystals continues to increase each year. Having low hygroscopicity,

high chemical resistance, good mechanical properties, and low maximal-phonon
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frequency, they are readily manufactured and available in a large size of high

optical quality for applications in solid-state lasers.

The low phonon frequency of chloride and bromide crystals allows rare-earth

ions to serve as favorable luminescent centers for laser action over a wide range

in the IR and UV-visible spectral regions, where the luminescence of fluoride and

oxide crystals is quenched by fast multiphonon relaxation.

In the present work we considered the crystal growth, physical and

optical properties of new laser crystals based on RE3+-doped alkali-lead

halide matrices, which are suitable for diode-pumped IR, visible and UV

lasers. The RE3+-doped double chloride crystals, RE3+:KPb2Cl5(RE3+ =
Pr3+, Nd3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+, Yb3+), and new double bromides

KPb2Br5 and RbPb2Br5 doped with Nd3+ and Tb3+, were grown using the

Bridgman technique. Most crystals were grown for the first time. Multiphonon

non-radiative relaxation rates were estimated for the studied hosts. The absorption

and luminescence spectra, Judd-Ofelt intensity parameters, calculated radia-

tive transition probabilities, lifetimes and branching ratios are summarized. The

intense luminescent bands in the UV, visible, and near-IR spectral regions show

that all excited levels of RE3+ ions separated by energy gap of �E > 1400 cm−1

in chlorides and of �E > 1000 cm−1 in bromides are radiative, including 4I9/2

(Er), 5I5 (Ho), and 4F5/2 (Nd) levels, which are considerably quenched in oxides

and fluorides. The combination of the high intensity of luminescent transitions and

long lifetime of rare-earth radiative levels, together with efficient up-conversion

processes, permit us to conclude that MPb2Hal5:RE3+ crystals may be con-

sidered as promising new luminescent materials for UV, mid-IR, and visible

laser-diode-pumped lasers.

2. Crystal growth and common properties of RE-doped MPb2Hal5
(M = K, Rb; Hal = Cl, Br) crystals

2.1. CRYSTAL GROWTH

Synthesis of MPb2Hal5 compounds with M = K, Rb, Hal = Cl, Br was performed

from high purity chloride salts. The starting high purity (99.999%) reagents,

PbCl5, PbBr2, KCl, KBr, RbCl and RbBr, were additionally purified by repeated

directed crystallization by preliminarily removing of dirty parts. REHal3 was

synthesized from RE oxides, 99.99%, with further distillation. The MPb2Hal5
(M = K, Rb, Hal = Cl, Br) single crystals were grown using Bridgman technique

in soldered ampoules with halogen atmosphere [32, 40, 43, 49–51]. To pre-

vent compound decomposition, the internal ampoule pressure exceeded the

atmospheric pressure. As follows from phase diagrams (Figure 1), KPC, KPB

and RPB melt congruently at 434, 382 and 404◦ C, respectively [49, 52]. Linear

temperature gradient in a growth zone of the furnace was ∼20 ◦/cm and the rate
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Figure 2. Segregation coefficients for RE ions in KPC. The Pb radii are given for cubic and

octahedral coordination.

transitions are often a reason for twin structure formation and sharply worsen the

optical quality of the crystal.

2.2. PHASE TRANSITIONS

Using a set of optical techniques such as differential scanning microcalorimetry,

temperature dependence of birefringence and turning angle of optical indicatrix,

the phase transitions were studied in MPb2Hal5 (M = K, Rb, Hal = Cl, Br)

crystals in the 270 to 620 K temperature range [53, 54]. Depending on the ratios

of ionic radii, M/Hal and Pb/Hal, these compounds can be related to two struc-

tural types: monoclinic P21/c and tetragonal I4/mcm [55]. Examinations showed

phase transitions at 530 K/528 K in KPC and at 519.5/518.5 K in KPB in the

heating/cooling regimes, respectively. The obtained data are in good agreement

with previous data [52]. Phase transition is accompanied by a birefringence jump

and a temperature hysteresis, which are typical of first type transitions. Geometry

of twinning and turning of optical indicatrix shows that the phase is monoclinic

with second-order axis along [010] at room temperature, which is in agreement

with the P21/c symmetry. As follows from observations in polarized light a high

temperature phase has rhombic symmetry. This phase transition is related to fer-

roelastic ones of first type, with ∆H = 1000 ± 200 J/mol and 1300 ± 200 J/mol

enthalpy changes for KPC and KPB, respectively. The transition is accompanied

by twinning and mmm ←→ P21/c symmetry changes. As a result of such transi-

tion, a component of shear spontaneous deformation appears and crystal is broken

into twins with a ±ϕ turning around [010] for optical indicatrix. One can see in

Figure 3 that temperature dependence ϕ = ϕ(T) is very unusual for KPC: at room

temperature ϕ angle is small (only ∼1 to 2◦ as follows from points 1). This value

remains constant with heating and it increases to only 5◦ near phase transition, but
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Figure 3. Temperature dependence for a turning angle of the optical indicatrix ϕ(T) for KPC (1)

and RPC (2) [54].

falls to zero afterwards. With further heating, extinction in the sample does not

change. For RPC (points 2 in Figure 3) a value of off-orientation angle between

adjacent areas does not change up to the melting temperature. There is no phase

transition here and as a result we see no twin structure. The same situation (no

twins, no phase transitions) also takes place in RPB, which crystallizes in tetrago-

nal structure. Thus change of halogen ion and passing from chlorides to bromides

in an MPb2Hal5 family slightly decreases a boundary for rhombic phase stability,

whereas a cation change with passing from potassium to rubidium increases this

temperature, shifting the phase transition to the liquid state of the compound.

Thus, RPB structure has tetragonal I4/mcm symmetry and this structure is stable

up to the melting temperature.

2.3. STRUCTURAL ANALYSIS

Previously crystal structure of double chlorides was studied [56–58]. The single

crystal structural analysis was carried out for all crystals of MPb2Hal5 family

using a STOE STADI4 diffractometer with a Mo Kα radiation. The refined lattice

parameters for MPb2Hal5 crystals are given in TABLE 1.

In MPb2Hal5 structure one can distinguish the layers from polyhedrons KHal9

and Pb(1)Hal9, bound together by joint triangular faces: these layers are alter-

nating along direction perpendicular to x axis (Figure 4). The Pb(2) ions are in

asymmetric anionic cavities (Figure 4). The K and Pb(1) polyhedrons are tri-cap

trigonal prisms, whereas Pb(2)Hal8 polyhedron is close to a tetragonal antiprism.

Asymmetry in Pb(2) position in a Hal6 cycle brings to an umbrella character of

cations location in polyhedrons. Cavities for Pb in chloride matrix and even to

a larger extent in bromide matrix are too large for a Pb2+ cation: as a result Pb

ions are shifted outside cavity center in both positions and pressed to one of the
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TABLE 1. Results of structural analysis for MPb2Hal5 [59].

Crystal Symmetry Lattice parameters, Z = 4

a(Å) b(Å) c(Å) β, degrees V(Å
3
)

KPb2Cl5 P21/c 8.854(2) 7.927(2) 12.485(3) 90.05(3) 876.3(4)

KPb2Br5 P21/c 9.256(2) 8.365(2) 13.025(3) 90.00(3) 1008.4(4)

RbPb2Cl5 P21/c 8.959(2) 7.973(2) 12.492(5) 90.12(2) 892.3(4)

RbPb2Br5 I 4/mcm 8.43(1) 8.43(1) 14.54(1) 90 1033(4)

Figure 4. The KPB structure presented as combination of K and Pb(1) polyhedrons.

cavity walls. Imperfection of single crystal KPB samples depends strongly on

a microtwin structure. Study of samples with different microtwinning brought

one to the following conclusion: microtwinning results in increase of the sample

volume and a decrease of monoclinic angle to 90◦; in other words microtwinning

results in pseudorhombic unit cell.

Optical measurements in polarized light showed that twin sizes are of about

several microns, whereas the twinning pattern depends on thermal prehistory of

the sample. In Figure 5 two KPC crystallographic unit cells are shown. One can

see that YZ plane is close to a mirror plane. After twinning operation relative

to the X (-x,y,z) axis, one obtains K′, Pb′ and Cl′ positions, which are close to

positions of these atoms in the initial cells. Maximal distances between atom

positions in the initial cell and in the twin cell are 0.11, 0.16, 0.64 and 1.03 Å

for Pb(1)-Pb(1)′, K-K′, Cl(2)-Cl(2)′ and Pb(2)-Pb(2)′, respectively. For other Cl

atoms these distances are less than 0.1 Å. Thus distances between atom positions

of corresponding atoms in initial and twin cells are less than a half of the bond
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Figure 5. Superposition of two crystallographic unit cells in the KPC structure. One type of unit

cell is shown at left from the central vertical line and the other one, obtained after twinning operation

(1-x, y, z), is shown at right.

length. Maximal shift is observed for Pb(2), which corresponds to atom jump

from one half of the elongated Cl6 cycle in YZ plane to another half of the

cycle. This allows one to suppose that twinning happens by hopping mechanism

at crystal cooling and depends considerably on a set of point and extended defects,

which are formed during crystal growth. The β angle is close to 90◦ for crystals

under consideration, which promotes twinning relative to Y and Z axes. The RE

ions incorporation into crystal lattice is supposed to go with Pb ions substitution,

whereas formation of K vacancy provides local charge compensation.

2.4. OPTICAL PROPERTIES OF UNDOPED MPB2HAL5 CRYSTALS

Since low frequency crystal dynamics is important both from fundamental and

applications point of view, the study of optical properties of new low phonon

energy crystals included refractive indices with their dispersion curves and tem-

perature dependence, Raman, absorption, reflection and emission spectra of

undoped MPb2Hal5 crystals, including the nature of UV host absorption bands.

2.4.1. Refractive indices and thermo-optic coefficients
Refractive indices were measured using a conventional technique of minimum

deviation angle with two prisms of different orientation: n values were found to
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grow in the set KPC → RPC → KPB → RPB. Dispersion characteristics for

KPC and KPB are given in Figure 6. In accordance with lattice parameters, nx

and ny values are close, whereas nz values are considerably larger. Temperature

dependence at 6 wavelengths (1, 2, 3, 5, 7 and 10 µm) was studied using a spe-

cially controlled heating device, which was mounted on the optical goniometer,

and thermo-optic coefficients βi = dni/dT were calculated: they are given in

Figure 7 for KPC and KPB. One can see that refractive indices ni and βi values

become larger in bromides as ion sizes and lattice parameters increase and crystal

lattice becomes more friable. These parameters are considerably anisotropic: βx

values are about 30 % higher than βy , βz .

2.4.2. Vibrational (Raman) spectra
Since low frequency crystal dynamics is important both from fundamental and

applications point of view, the Raman spectra were studied. For interpretation of

vibrational spectra and establishment of lattice vibration frequency-to-structure

correlations, we used the recently developed first-principles approach [60–62].

It is necessary to note that empirical techniques traditionally used ([63, 64], for

example) bring in a large number of adjusting parameters in the case of low

symmetry structures with many atoms in the unit cell, and it is impossible to
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Figure 8. Raman spectra for KPC (1) and KPB (2) crystals.

determine these parameters using a limited amount of experimental data. Thus,

the use of parameter-free techniques becomes fundamentally important.

Raman spectra were recorded in polarized light at room temperature for

MPb2Hal5 samples with edges oriented along crystallographic axes. For KPb2Cl5
and KPb2Br5, the vibrational representation is reduced to the following irreducible

representations in the center of Brillouin zone:

� = 24Ag(xx, yy, zz, xy, yx) + 24Bg(xz, zx, yz, zy) + 24Au + 24Bu, (1)

where the parentheses contain the Raman tensor components for which the cor-

responding lattice vibrations are active. The experimental spectra are shown in

Figure 8. As expected, the spectra are restricted to frequencies hωmax < 250 cm−1

and hωmax < 150 cm−1, with high frequency peaks located at 203 and 138 cm−1,

respectively; the spectra are strongly anisotropic, and the spectral lines are highly

polarized. The number of well-resolved peaks is slightly smaller than the num-

ber of modes determined from Eq. (1); therefore, their interpretation requires

comparison of the peaks with the results of model calculations.

Taking these distortions into account is especially important for low-symmetry

structures, since the interactions of multiple moments of ions in these structures

contribute substantially to the total lattice energy and the crystal vibration fre-

quency. The short-range part of inter-ionic interactions is calculated in terms of

density functional theory, whereas for far-ranging part we used a multipole expan-

sion (up to quadrupoles); multipole moments were found by minimizing the total

crystal energy with respect to the corresponding moment.

The eigenvectors were obtained by diagonalizing the dynamical matrix and

subjected to symmetry analysis. The complete vibrational representation P(g) of

the crystal space group was constructed and it was used further to calculate the
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Figure 1. Phase diagrams for KCl-PbCl2 (a), KBr-PbBr2 (b) and RbBr-PbBr2 (c) [49, 52].

of ampoule translation into cold zone was 2 to 4 mm/day. We found regimes for

obtaining single crystals of both undoped and RE-doped MPb2Hal5 compounds

with M = K, Rb, Hal = Cl, and Br, of optical quality and with sizes ∼15 mm in

diameter and up to 40 mm long.

Generally, halides such as chlorides and bromides hydrolyse and therefore

crystals contain some products of hydrolysis. The most frequent radicals in MHal

are anions like (OH)−, (O2)
−, and (CO2)

2− [51]. When heated, PbHal2 not only

hydrolyses but also decomposes. Moreover, if the material contains water mole-

cules or other impurities, decomposition increases. Because RE-doped halides as

well as the halide components of MPb2Hal5 are sensitive to oxygen and moisture,

it is imperative that both O2 and H2O be strictly excluded from the system. The

best results are obtained when both PbHal2 and MHal were dried in a vacuum

and treated afterwards in Ar-CHal4 atmosphere. It is important also to prevent

any contact between purified material and air (i.e. oxygen and water) in both the

handling operations of starting materials and the single-crystal growth process.

Segregation coefficient, K, for halide crystals (where K is the ratio of RE

concentration in crystal to RE concentration in melt for specific RE dopant), was

determined by both crystal type and RE ion type: it varies from 0.1 to 1 (Figure 2).

The segregation coefficient depends considerably on the difference between sizes

of RE and Pb ions. It is minimal for small Yb ions and reaches unity for large

Nd ions. Growth conditions for obtaining high quality crystals depend strongly

on existence of phase transitions in the solid below melting temperature. Such
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TABLE 2. Experimental and calculated frequencies of Raman-active lattice vibrational modes in

KPC crystals [66].

Ag, ω(cm−1) Bg,ω(cm−1)

Calculation Experiment Calculation Experiment

33.4 i 37.7i
16.5 i 28.3i
7.7 i 6.2

16.7 18 28.0 33

35.0 27 38.3 40

39.6 35 43.9 42

43.7 43 46.1 48

43.7 46.1

51.9 50 57.0 57

56.5 56 65.0

57.7 68.6

61.8 62 72.2 75

70.1 73 74.1

73.9 81.9 85

77.6 84.7

86.7 85 89.1 88

88.7 95.7 95

93.1 100.7

101.7 102.7 108

103.2 108 105.0 119

112.7 120 115.0 132

124.5 124 120.7 144

127.1 127 128.4 158

132.6 132 137.9 173

158.3 200 161.7 202

projection operators [65]. The experimental and calculated frequencies of the

Raman spectrum are given in TABLE 2.

Note that these experimental and calculated frequencies agree well in the

middle portion of the spectrum. For the lowest frequencies (below 20 cm−1), the

calculated frequencies depend strongly on small changes in the atomic coordi-

nates; their variation within the experimental error can result in significant (up to

100 %) changes in the vibration frequencies. A large number of vibrations in this

portion show weak lattice stability: it is likely a result of a near phase transition.
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A larger discrepancy at high frequencies (the understated calculated values) may

be due to an incomplete consideration of the shape of electronic cloud of weakly

polarized Cl ions in frames of multipole approximation (a partial covalence of

M-Cl bonds). One can see that position of the peak with maximal frequency

depends considerably on the halogen type (Figure 8): thus halogen ions take part

in this vibration.

2.4.3. Absorption and reflection spectra
Absorption spectra for MPb2Hal5 crystals are shown in Figure 9, both in the IR

(Figure 9a) and UV-visible region (Figure 9b). Position of the long-wave edge of

the transparency range is determined by masses of the participating ions and

vibration frequencies. It is 20 µm(500 cm−1) for KPC and 32 µm (312 cm−1)
for KPB, as estimated on the 1 cm−1 absorption level. Taking into account that

hωmax < 250 cm−1 and < 150 cm−1 from Raman spectroscopy, one can conclude

that long-wave transparency edge is determined by two-phonon absorption. The

short-wave edge of the transparency range was determined as a result of approxi-

mation of the fragments with maximal inclination angle relative to the abscissa in

Figure 9 b until crossing with this axis (TABLE 3). Chlorides demonstrate maxi-

mum of transparency at short waves (RPC is transparent up to 306 nm), whereas

for bromides the edge is shifted to longer waves (∼400 nm). The absorption edge

shifts to lower energies when temperature increases. Analysis of the reflection

spectra reveals several dips at shorter wavelengths, which are better pronounced at

temperatures as low as 8 K (Figure 10). These dips are related to exciton absorp-

tion and their position depends on M and Hal components and on temperature.

The average temperature coefficient for the main peak E1 in the 8 to 290 K range

is ∂ E1/∂T = −(2.8–3.0) × 10−4 eV/K. These values as well as specific form

of the reflection spectra are typical of large radius excitons. Analysis of exciton

peak positions carried out in frames of hydrogen-like Wannier-Mott model [67]

allowed one to determine the band gap value Eg and exciton bonding energy R
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Figure 9. Absorption spectra for undoped crystals KPB (1, 1a, 2), RPB (3, 4), KPC (5, 5a, 7) and

RPC (6, 8), recorded at 290 K (1, 1a, 3, 5, 5a, 6) and 8 K (2, 4, 7, 8).
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TABLE 3. Position of the short-wave absorption edge at 300 K and 8 K, band gap Eg from

reflection spectra (8 K) and exciton parameters E1, R (8 K) for different halide crystals.

Parameter Short-wave absorption edge Eg, eV E1, eV R, eV

Temperature 300 K 8 K

E, eV λ, nm E, eV λ, nm

KPb2Cl5 3.77 329 3.99 310 4.79 4.45 0.34

KPb2Br5 3.10 400 3.23 383 4.12 3.87 0.25

RbPb2Cl5 3.89 318 4.06 306 4.83 4.51 0.34

RbPb2Br5 3.36 370 3.56 348 4.22 4.0 0.22

Figure 10. Fragments of reflection spectra for RPC (1), KPC (2), RPB (3) and KPB (4), recorded

at 8 K. Arrows show position of the first exciton peak E1 and band gap Eg.

(TABLE 3). Crystal RPC has maximal band gap and the Eg value decreases when

Cl is replaced with Br. As follows from TABLE 3, the real short-wave absorption

edge is located in MPb2Hal5 crystals at longer wavelengths relative to Eg position:

thus it is due to excitonic absorption.

2.4.4. Photoluminescence and luminescence excitation spectra
In the photoluminescence (PL) spectra of MPb2Hal5 crystals one can see broad

non-elementary bands in 1.6–2.9 eV region, with their shape and maximal posi-

tion depending on M and Hal components as well as on excitation wavelength.

In Figure 11, PL spectra for RPC (a) and RPB (b) at different excitations are
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Figure 11. Low temperature photoluminescence spectra (a, b) and luminescence excitation spectra

(c). Photoluminescence spectra recorded at 8 K for RPC (a) and RPB (b) at different excitation:

in the transparency region (1), in exciton absorption range (2) and in the range of band-to-band

electronic transitions (3). c) Luminescence excitation spectra for RPC (1–4) for 2.4 eV (1) and

2.0 eV PL(2–4) in comparison with the reflection spectrum (5). Spectra (1, 2, and 5) were recorded

at 8 K whereas (3, 4) were obtained at 80 and 300 K, respectively.

given. In the general case, one can see that different PL bands are excited in

the transparency region, in exciton absorption range and in the range of band-

to-band electronic transitions (Figure 11 a), although their position is sometimes

close (for example, for bromides (Figure 11 b)). For RPC, the short-wave PL with

maxima at 2.0 and 2.4 eV takes place only at band-to-band or excitonic excitations

as well as in the region of inter-band transitions whereas a long-wave PL compo-

nent (∼1.75 eV) corresponds to intra-center transitions in the defects. Intensity of

2.0–2.4 eV PL is maximal at low temperatures of 8–50 K and decreases as tempe-

rature increases: PL becomes completely quenched at ∼200 K. The luminescence

excitation spectra (LES) demonstrate a set of bands depending on the crystal type:

those for RPC are given in Figure 11 c.

In all cases, PL intensity decreases in region of inter-band transitions, at exci-

tation energies hν > Eg, and the antibate behaviour of details takes place between
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reflection and luminescence excitation spectra (Figure 11 c). Specific features are

considered in the region of Eg and excitonic absorption maxima. The LES long-

wave edge for 2.0–2.4 eV PL coincides with a long-wave edge of the transparency

spectrum (Figure 9 b). In the case of excitation in the transparency range, excita-

tion efficiency increases as temperature increases to 80 and 300 K (Figure 11 c,

spectra 2–4), which can testify to thermally activated processes with participation

of native or impurity defects.

2.4.5. Electronic excitations and energy transfer
Comparison of the obtained experimental results on spectroscopy of MPb2Hal5
crystals with known data concerning PbHal2 testifies to similarity of these crystal

families from the point of view of physics of low-energy electronic excitations

and dominating input of lead cations into formation of electronic structure of the

states, which determine electronic transitions with minimum energies.

In PbHal2 the valence band top is formed by hybridizated orbitals of 6s states

of Pb2+ and np-states of Hal− ions (n = 4 for Hal = Br and n = 3 for Hal = Cl).

Below, there are orbitals formed by np-states of Hal− ions [68]. Since bottom

of the PbHal2 conduction band is formed mainly by 6p orbitals of Pb2+ ion,

electronic transitions with minimum energy take place between Pb ion states and

correspond to 6s → 6p electric dipole transition, bringing to excitation the cation

exciton [69–71].

Thus, features in low-temperature reflection spectra of MPb2Hal5 crystals may

be related to electric dipole transitions 6s → 6p between Pb2+ states, bring-

ing about cation exciton excitation. Analysis of exciton parameters (TABLE 3)

[69–72], calculated in frames of hydrogen-like model, allows one to suppose that

observed excitonic-related features in reflection spectra (Figure 10) correspond

to first (E1) and second excited states of free large-radius exciton. Typical dis-

sociation channels for such exciton may be vibrational relaxation with further

radiative annihilation, energy transfer to impurity or native defects with further

PL in such center, non-radiative recombination in surface states and, finally,

dissociation into individual charge carriers or partly bonded electron and hole

pairs.

Radiative exciton dissociation usually results in a set of specific narrow PL

bands near the fundamental absorption edge. Such near-edge PL was not found for

MPb2Hal5 crystals but several bands in low-temperature PL spectra are obviously

of excitonic origin. Among them are a short-wave 3.65 eV band in KPC and a

weak 2.9 eV band in KPB, which are observed only at low temperatures and

are not associated with any defect. There are exponential components in decay

kinetics and these bands are excited only near the fundamental absorption edge.

Considerable Stokes shift (0.4–0.5 eV) and large width of PL bands mean that

excitonic emission appears after vibrational relaxation and therefore the exciton

undergoes self-trapping. At 8 K, the mentioned PL bands appear only at excitation
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in low-energy excitonic absorption band, which corresponds to 6s2 → 6s6p
transition in Pb2+ ion. Further increase of photon energy results in a fast decline

of PL excitation efficiency because of increasing input of non-radiative losses.

It is an evidence of high mobility of excitons photo-excited in the excitonic band.

Excitation of short-wave PL in the range of interband transitions (hν > Eg) is

of low enough efficiency and it shows a low efficiency of recombination channel

for these PL bands. Indeed the 3.65 eV band was not found in either X-ray excited

or thermo-activated luminescence.

Incorporation of the RE ions such as Pr, Er, Nd, Ho, Tb, and Tm results in

the appearance of typical PL emission with a well-pronounced fine structure: a set

of lines and relative intensity depend considerably on the RE type [72]. Impurity

emission appears both at a selective direct excitation of the impurity (RE) center

by photons with Eexc < Eg energy and at indirect excitation by high energy

photons with Eexc ≥ Eg. In the first case, the lines in LES spectra characterize

position of the excited states in energy diagram of the impurity center.

Concerning high energy excitation, the analysis of spectra shows an effective

energy transfer both by excitonic mechanism and as a result of migration of free

electrons and holes with their further recombination in the RE ion. The energy

transfer efficiency depends on temperature: it is higher at low temperatures. On the

other hand, at Eexc > Eg the efficiency decreases as photon energy increases,

which is due to growth of kinetic energy of created charge carriers and their

non-radiative annihilation on crystal surface. A multiplication effect is absent

for electronic excitations for energies, Eexc > (2 − 3)Eg, and this fact confirms

efficiency of the surface losses channel. At T = 8 K there is low probability

of exciton thermal dissociation in KPC crystals: thus excitonic mechanisms of

energy transfer are effective. Analysis of optical spectroscopy data for KPC with

Ho or Er as dopants shows that one of the possible mechanisms of RE excitation at

low temperatures is a non-radiative resonant transfer of self-trapped exciton (STE)

to impurity center as a result of the dipole-dipole interaction. In fact, there are

several broad overlapping PL bands centered at 2.4 and 1.9 eV with microsecond

decay and a fast emission at 3.75 eV with τ1 = 0.8 nsec, τ2 = 3.5 nsec. The

1.9 eV emission is due to crystal lattice defects in KPC, whereas 2.4 and 3.75 eV

bands correspond to radiative annihilation of triplet and singlet self-trapped exci-

tons, respectively. At room temperature, the STE emission is thermally quenched.

Moreover, a thermal dissociation of non-relaxed excitons is possible. In such

conditions, an electron-hole mechanism of energy transfer is dominating and

recombination luminescence of the impurity (RE) center is observed.

2.5. KEY PHYSICAL PROPERTIES

The MPb2Hal5 crystal-hosts are of high transparency in the UV to mid-IR spec-

tral range (from 0.3 to 30 µm), have satisfactory mechanical properties, high
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TABLE 4. The main physical properties of MPb2Hal5 crystals.

Property KPC RPC KPB RPB

Transparency

range, µm

0,33–20 0,32–20 0,4 −30 0,37 −30

Space group P21/c − C5
2h P21/c − C5

2h P21/c − C5
2h I 4/mcm − D18

4h
Melting

temperature, ◦C

434 423 382 382

Density, g/cm3 4,629 5.041 5,619 5.83

Refraction index

at 300 K

nx = 1.9406

ny = 1.9466

nz = 1.9724

(at 1 µ m)

n = 2, 019

(at 0.63 µm)

nx = 2, 191

ny = 2, 189

nz = 2, 247

(at 0.63 µm)

no = 2, 2410

ne = 1, 9654

(at 0.63 µm)

Thermo-optic

coefficient

β∗(10−5),
◦C−1 (near

300 K)

−7.0

−10.0

−10.5

(at 1 µm)

−13.0

−14.1

−14.9

(at 1 µm)

Thermal

conductivity,

W/m∗K

4 4

Mohs hardness 2,5 2,5 2,5 2,5

Maximal

phonon energy,

h̄ω0, cm−1

203 203 138 138

Chemical

stability

stable stable stable stable

chemical resistance, low hygroscopicity, extremely low maximal phonon energy

(∼200 cm−1 in chlorides and ∼150 cm−1 in bromides), and incorporate RE3+ ions

with concentration up to 3%. The main physical properties of MPb2Hal5 crystals

are summarized in TABLE 4.

3. Spectroscopic characteristics of RE3+ ions in MPb2Hal5 crystals

Up to now, the strategy used to search for new laser channels of RE3+ activated

crystals involves the problem of determining their spectroscopic characteristics.

The feasibility of exciting stimulated emission on f-f transitions of RE3+ ions is

most often reduced to the estimate of luminescence quantum yield for steady-

state excitation. From the 1970’s until now comparatively simple semi-empirical

methods for determination of the most important intensity characteristics of
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