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Crystals of potassium lead bromidesKPBd, a moisture-insensitive low-energy phonon laser host,
were synthesized and purified. High-quality undoped and Tb3+-doped snominal doping
concentration was 5 mol % TbBr3d KPb2Br5 were grown by the vertical Bridgman technique. X-ray
diffraction measurements indicated that, at room temperature, the material was monoclinic with
space group P21/c, while at a high temperature the phase transformed to orthorhombic form. A
reversible phase transition was observed around 256 °C upon the heating and cooling cycle from
differential scanning calorimetric measurements. The material was found to be transparent in the
broad range from,0.4 mm to 25mm and above. The transmission spectrum of a Tb3+-doped
crystal showed different absorption bands of Tb3+ at 4.5mm, 3 mm, 2.3mm, and 2mm
corresponding to7F6–7Fa transitions, fora=2–5. Themaximum phonon energy of undoped
KPb2Br5 at room temperature was determined to be 134 cm−1 from Raman scattering spectrum.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1901815g

The continued search for solid-state laser crystal hosts
for the longer side of mid-infraredsIRd wavelength
s3–15mmd suitable for use at room temperature and above,
has been the subject of both research and technological in-
terest for various applications including active remote detec-
tion of chemical and biological agents with characteristic
absorbances in these regions. High power, portable, compact
and easily deployed mid-IR solid-state lasers have several
applications such as IR LIDAR remote sensing, free space
communication, IR countermeasures, infrared imaging, and
medical surgery. KPb2Cl5 has recently emerged as a potential
laser material operating at room temperature1–5 with a low
maximum phonon energy of 203 cm−1, while the conven-
tional oxides and fluoride hosts usually show a maximum
phonon energy in the range of,500 cm−1 and above.6 Dop-
ing of rare-earth ions, such as Dy3+,Nd3+,Pr3+,Yb3+,Er3+,
etc.1–10 in KPb2Cl5 have been reported by various workers in
the recent past. The quenching of luminescence beyond
4 mm is the limiting factor for room-temperature laser opera-
tion in the longer-wavelength region for the conventional
hosts. Sulfides and chloride laser hosts however are low-
energy phonon materials. Bowmanet al.11 reported room-
temperature laser operation at 7.2mm with the low phonon
s210 cm−1d LaCl3 host doped with Pr3+, however, LaCl3 is
highly hygroscopic. In addition to being a low phonon en-
ergy material, KPb2Cl5 has an added advantage that the ma-
terial is moisture insensitive and is stable at room tempera-
ture in air.

As it is well known now that the key factor for long-
wavelength room-temperature laser operation is the low pho-
non laser host to prevent the luminescence quenching, mate-
rials with higher atomic mass would be suitable for this
purpose, which will enable them to emit efficiently in the
longer-wavelength region. In this present study, we have
chosen KPb2Br5 which is expected to have smaller phonon
vibrational frequency compared to KPb2Cl5 due to the higher
atomic mass of bromine. This will minimize the nonradiative
decay due to multiphonon interactions. The melting point of
KPb2Br5 s382 °Cd sRef. 12d is less than that of KPb2Cl5
s434 °Cd.13 However, large good-quality KPb2Br5 single
crystals appear to be difficult to grow from melt due to the
destructive phase transition which results in milk-white
ingot.12

KPb2Br5 can crystallize in two different crystal struc-
tures depending on the growth process. It was reported14,15to
crystallize in tetragonal form when prepared from an aque-
ous solution. The structure of high-temperature synthesized
KPb2Br5 is controversial since it has been assigned as either
orthorhombic14 or monoclinic.15 Beck et al.15 in 1986 re-
ported that KPb2Br5 crystallizes in monoclinic formsspace
group P21/cd. The lattice parameters16 were determined to be
a=9.256s2d Å, b=8.365s2d Å, c=13.025s3d Å, and b
=90.00s3d0.

In this letter, we report on the synthesis and growth of
large good-quality undoped and Tb3+-doped KPb2Br5 crys-
tals, on the phase transition and on the thermal stability of
the compound. It is well known that PbCl2 has a tendency to
decompose during synthesis of KPb2Cl5.

13 In order to mini-
mize the decomposition, KPb2Br5 was synthesized in puri-
fied argon over pressures4.5 psi over atmospheric pressured
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from 5N purity PbBr2 and KBr sAlfa Aesard starting material
at 450 °C. The synthesized material was purified by repeated
zone refining. Undoped and Tb3+-doped KPb2Br5 crystals
were grown by the vertical Bridgman method at a lowering
rate of about 6 mm/day. The structural phase transition for
undoped KPb2Br5 was studied by powder x-ray diffraction
sXRDd at different temperatures ranging from 25–300 °C
under flowing H2 atmosphere using a Scintag PAD X vertical
goniometer equipped with a modified Buehler HDK-2 dif-
fraction furnace. The simultaneous differential scanning
calorimetry sDSCd/thermogravimetric analysis were per-
formed to study the phase transition temperature, melting
point, and the thermal stability of the material using TA in-
struments model SDT 2960. Optical absorption in the
ultraviolet-visible-near-infrared range of both undoped and
Tb3+-doped KPb2Br5 crystals were carried out using a
CARY500 spectrophotometer. Fourier-transform infrared
sFTIRd absorption spectra were recorded using MIDAC
spectrometer with a resolution of 4 cm−1. The phonon energy
of the undoped KPb2Br5 was determined by recording Ra-
man spectra in right angle scattering geometry using double-
grating spectrophotometersSPEX Model 1403d. The
514.5 nm green line of argon-ion lasersSpectra Physics
Model 164d of 50 mW of power was used as excitation
source. X-ray photoelectron spectroscopysXPSd investiga-
tions were carried out using a Vacuum Generator ESCALAB
MKII equipped with an XPS/Auger spectrometer with a
Mg Ka sourcesE=1253.6 eVd with 300 W power at 15 kV.
The work function of the spectrometer on the basis of the
Au 4f3/2 peakenergy of 83.8 eV and the reported binding en-
ergies are referenced to Cs1sd at 284.6 eV.

Good-quality undoped and Tb3+-dopeds5 mol % TbBr3
doping concentrationd KPb2Br5 single crystals were grown
by the vertical Bridgman technique. No reaction of the ma-
terial with the quartz ampoule was observed and the crystals
were taken out easily from the ampoule. The crystals were
free from any microinclusions, bubbles, and visible crystal-
line defects. However, a few cracks occurred during cooling.

The XRD results at room temperature showed mono-
clinic structure with the space group symmetry to be P21/c
consistent with the results of Becket al.15 The collected
XRD patterns at elevated temperaturess100, 150, 200, 250,
and 300 °Cd with the heating rate of 20°C/min. revealed
that the structure was monoclinic up to 200 °C. Subtle
changes in the diffraction pattern were observed at 250 °C,
but the phase was not fully transformed to a new phase until
300 °C. At 300 °C, the crystal structure transformed to
a primitive orthorhombic unit cell with the calculated

lattice parameters a=9.359s2d Å, b=8.488s1d Å, and
c=13.254s2d Å. However, the space group at 300 °C could
not be unambiguously determined because the diffraction
pattern was matched with eleven possible space groups be-
longing to the mm2 or mmm point groups. None of the pos-
sible space groups were supergroups of the monoclinic P21/c
space group. The observed phase at 300 °C was not isostruc-
tural to the tetragonal phase observed at high-temperature
and high-pressure by Becket al.15 The phase change was
completely reversible upon cooling to room temperature.

The phase transition, melting point, and the thermal sta-
bility of the material after the heating and cooling cycle were
studied using DSC measurement under a dry nitrogen flow.
Figure 1 shows the thermogram of undoped KPb2Br5 for two
successive heating and cooling cycles. The sample was
heated to 443 °C followed by cooling to 110 °C, reheated to
443 °C and subsequently cooled to 124 °C at a constant rate
of 20 °C/min. The single arrow depicts the first heating
cycle and the double arrow indicates the second heating
cycle as shown in Fig. 1. The onset of the melting process
was determined to be 375.6 °C and the heat of fusion was
57.9 J/g. The inset shows the enlarged version of the ther-
mogram near the phase transition region As shown in the
inset of Fig. 1, the phase transition was not sharp. The onset
of the phase change occurred about 230 °C with a peak
value at 256 °C. KPb2Br5 is reported to have a phase tran-
sition at 242 °C.17 The phase transition determined from the
DSC measurement was consistent with the XRD data. In the
XRD experiment, the subtle change began near 250 °C, as
discussed earlier. No appreciable weight loss change in the
melting, solidification, and the phase transition temperature
after repeated heating and cooling cycle manifested, indicat-
ing that KPb2Br5 is a stable compound and melts congru-
ently. This observation also depicts the fact that the phase
transition is completely reversible and agrees well with our
XRD experiment.

Optical transmission experiments were carried out with
both undoped and Tb3+-doped samples in the spectral region
0.3–25mm. The crystals were very transparent in the wave-
length range from 0.4mm to 25mm sthe measured ranged.
The higher wavelength cutoff for KPb2Cl5 is reported to be
,20 mm.5,8 The transmission of the undoped KPb2Br5 was

FIG. 1. DSC thermogram of undoped KPb2Br5 crystal with successive heat-
ing and cooling cycles. The inset shows the enlarged version of the plot near
phase transition.

FIG. 2. Room-temperature optical transmission spectrum of Tb3+:KPb2Br5

crystal of thickness 7.85 mm. The inset shows the photograph of
Tb3+:KPb2Br5 crystal of 10 mm diameter and 7.85 mm thickness.

151911-2 Roy et al. Appl. Phys. Lett. 86, 151911 ~2005!
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found to be about 80% from 1.5mm to 25mm. The refrac-
tive index was measured to ben=2.1 at 1.5mm.16 The re-
fractive index was thus found to be very close to KPb2Cl5
sn=2.016±0.005d. Similar to KPb2Cl5, KPb2Br5 also is col-
orless, hard, rugged, and very stable in normal atmosphere.
No deterioration of the polished surface was observed for a
couple of months by exposure to the normal laboratory en-
vironment. Figure 2 shows the unpolarized FTIR transmis-
sion spectrum at room temperature of Tb3+:KPb2Br5 crystal
of 7.85 mm thickness. A photograph of the polished
Tb3+:KPb2Br5 crystal of 10 mm diameter size and 7.85 mm
height is shown in the inset of Fig. 2. The absorption bands
of Tb3+ corresponding to the transitions from7F6→7Fa
sa=2–5d are prominent as shown in Fig. 2. The origin of the
absorption bands near 6.3mm and 7.2mm however are not
clear in the present investigation. The absorption band near
7.2 mm can be assigned to NH4

+ and was also found to be
present in KPb2Cl5 crystal.6 In our present study, no appre-
ciable absorption bands near 6.3mm and 7.2mm were ob-
served in the zone refined undoped KPb2Br5 crystals. Impu-
rity from the dopant TbBr3 might be responsible for the two
bands near 6mm and 7mm. The maximum phonon energy
was determined from Raman scattering measurement of un-
doped KPb2Br5 crystals at room temperature. Figure 3 shows
the Raman scattering spectrum of undoped KPb2Br5 crystal.
The maximum phonon energy was found to be 134 cm−1.
The maximum phonon energy of KPb2Br5 is considerably
lower compared to the value for KPb2Cl5.

The XPS investigations of the Tb3+:KPb2Br5 crystals
were carried out to examine various impurity concentrations
at the crystal surfaces as well as within its bulk. The presence
of C and O on the crystal surface was observed, and de-
creased considerably after 15 min Ar etching.

Broadband emission with peak wavelengths of 3mm,
5 mm, and 7.9mm were recorded at room temperature from
the grown Tb3+-doped KPb2Br5 crystals and is reported
elsewhere.16 The emission was observed by pumping with a
2 mm source. The room-temperature emission lifetimes were
found to vary between 3–22 ms for the7F5 level s5 mmd and
0.2–0.4 ms for the7F4 level s7.9 mmd16 for different
samples. The quantum efficiencies for the7F5 level for dif-
ferent Tb3+-doped KPb2Br5 crystals were also observed to be
higher than Tb3+-doped KPb2Cl5 as described earlier.16

In summary, we have grown both undoped and
Tb3+-doped KPb2Br5 crystals by the vertical Bridgman
growth technique. A phase transition was observed around
256 °C, was completely reversible, and was not found to
prevent the formation of good-quality large crystals. Com-
pared to KPb2Cl5, the bromide version has a similar refrac-
tive index with the added advantage of a higher cutoff wave-
length and lower melting point. Having a considerably lower
maximum phonon energy compared to KPb2Cl5, KPb2Br5
appears to be a promising material for a room-temperature
laser host in the longer-wavelength side of mid-IR region.

The authors at Fisk University acknowledge the support
of NSF Grant Nos. DMR-0097272 and HER-0090526, and
HRD Grant No. 0420516sCRESTd, and the LLNL Research
Collaborations Program for HBCUs and MIs under Grant
No. DE-FG03-94SF20368. One of the authorssK.C.M.d ac-
knowledges the financial support provided by the DOE Grant
No. DE-FG02-02ER83403 and the Navy Grant No. N00421-
01-C-0404. LLNL’s portion of this work was performed un-
der the auspices of the U.S. Department of Energy by the
University of California at Lawrence Livermore National
Laboratory under Contract No. W-7405-ENG-48. Research
sponsored by the Assistant Secretary for Energy Efficiency
and Renewable Energy, Office of Freedom CAR and Vehicle
Technologies, as part of the High Temperature Materials
Laboratory User Program, Oak Ridge National Laboratory,
managed by UT-Battelle, LLC, for the U.S. Department of
Energy under Contract No. DE-AC05-00OR22725.

1M. C. Nostrand, R. H. Page, S. A. Payne, W. F. Krupke, P. G. Schun-
emann, and L. I. Isaenko, OSA Trends Opt. Photonics Ser.26, 441s1999d.

2M. C. Nostrand, R. H. Page, S. A. Payne, W. F. Krupke, P. G. Schun-
emann, and L. I. Isaenko, OSA Trends Opt. Photonics Ser.34, 459s2000d.

3S. R. Bowman, S. K. Searles, J. Ganem, and P. Schmidt, OSA Trends Opt.
Photonics Ser.26, 487 s1999d.

4S. R. Bowman, S. K. Searles, N. W. Jenkins, S. B. Qadri, E. F. Skelton,
and J. Ganem, OSA Tech. Digest 84s2001d.

5L. Isaenko, A. Yelisseyev, A. Tkachuk, S. Ivanova, S. Vatnik, A. Merku-
lov, S. Payne, R. Page, and M. Nostrand, Mater. Sci. Eng., B81, 188
s2001d.

6M. C. Nostrand, R. H. Page, S. A. Payne, L. I. Isaenko, and A. P Yelis-
seyev, J. Opt. Soc. Am. B18, 264 s2001d.

7R. Balda, F. Fernandez, A. Mendioroz, M. Voda, and M. Al-Saleh, Phys.
Rev. B 68, 165101s2003d.

8R. Balda, F. Fernandez, A. Mendioroz, M. Voda, and M. Al-Saleh, Opt.
Mater. sAmsterdam, Neth.d 24, 91 s2003d.

9N. W. Jenkins, S. R. Bowman, S. O’Connor, S. K. Searles, and J. Ganem,
Opt. Mater.sAmsterdam, Neth.d 22, 311 s2003d.

10U. N. Roy, Y. Cui, M. Guo, M. Groza, A. Burger, G. J. Wagner, T. J.
Carrig, and S. A. Payne, J. Cryst. Growth258, 331 s2003d.

11S. R. Bowman, L. B. Shaw, B. J. Feldman, and J. Ganem, IEEE J. Quan-
tum Electron.32, 646 s1996d.

12K. Nitsch, V. Hamplova, M. Nikl, K. Polak, and M. Rodova, Chem. Phys.
Lett. 258, 518 s1996d, and references therein.

13K. Nitsch, M. Dusek, M. Nikl, K. Polak, and M. Rodova, Prog. Cryst.
Growth Charact. Mater.30, 1 s1995d.

14P. W. J. Jansen, Recl. Trav. Chim. Pays-Bas87, 1021s1968d.
15H. P. Beck, G. Clicque, and H. Nau, Z. Anorg. Allg. Chem.536, 35

s1986d.
16K. Rademaker, W. F. Krupke, R. H. Page, S. A. Payne, K. Peterman, G.

Huber, A. P. Yelisseyev, L. I. Isaenko, U. N. Roy, A. Burger, K. C. Man-
dal, and K. Nitsch, J. Opt. Soc. Am. B21, 2117s2004d.

17M. Cola, V. Massarotti, R. Ricardii, and C. Sinistry, Z. Naturforsch. A26,
1328 s1971d.

FIG. 3. Raman spectrum of undoped KPb2Br5 crystal at room temperature.

151911-3 Roy et al. Appl. Phys. Lett. 86, 151911 ~2005!

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.252.69.176 On: Thu, 19 Feb 2015 17:26:02


	Tb3+-doped K Pb2Br5: Low-energy phonon mid-infrared laser crystal
	Publication Info
	Author(s)

	tmp.1424366814.pdf.RDhkH

